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Adult plants of the leafy caixin (Brassica chinensis var parachinensis) are widely 
consumed by Asians, yet its potential health benefits, and that of the sprouts or younger 
seedlings, are hardly explored. This study aimed to determine the effects of 6-
benzyladenine (BA) and abscisic acid (ABA) on the physiology of caixin seedlings, and 
whether ABA could enhance the heat tolerance and antioxidant capacity of caixin 
seedlings. 
The results showed that the effects of BA and ABA were dose-dependent. BA-
grown seedlings were more succulent than those grown in ABA and thus appeared more 
appealing. In addition, the concentrations of chlorophylls and carotenoids, and 
photochemical quenching of BA-grown seedlings were higher. Moreover, increases in 
antioxidant capacity, determined using the diphenyl-1-picrylhydrazyl free radical (DPPH·) 
assay, corresponded to increases in soluble phenolics concentration in seedlings grown in 
BA. Thus, the application of BA maintained the juvenility of the caixin seedlings.  
On the other hand, high concentrations of ABA (10 µM and 100 µM) inhibited the 
germination of caixin seeds, while lower concentrations (1 µM and 0.01 µM) delayed the 
germination, when compared to the control. The levels of chlorophylls and carotenoids of 
seedlings grown in 0.01 µM ABA were higher than the control, thus indicating the delay 
of onset of senescence, possibly due to ABA-induced enhancement of the antioxidant 
system in these seedlings. In contrast, the concentrations of photosynthetic pigments and 
photochemical quenching of seedlings grown in 1 µM ABA were lower, hence 
suggesting that ABA accelerated the process of senescence in these seedlings. Non-
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photochemical quenching of ABA-grown seedlings was also higher compared to the 
control- and BA-grown seedlings.  
Seven-day-old ABA-grown caixin seedlings were also subjected to a heat treatment 
(45 ºC, 15 min). No significant changes to the levels of chlorophylls, carotenoids, soluble 
phenolics, antioxidant capacity and photochemical quenching were observed. However, 
lowered decrease of Fv/Fm and smaller increase of non-photochemical quenching in 
ABA-grown heat-stressed seedlings were observed. Thus, ABA could partially alleviate 
the negative consequences of heat stress. 
Activity staining of native-PAGE gels in the inhibitors, diethyldithiocarbamate 
(DDC) and H2O2, revealed the presence of all three SOD isoforms (Cu/ZnSOD, MnSOD, 
FeSOD). Expression level of SOD and HSP90 genes were qualitatively determined by 
the method of equal loading of β-tubulin (a housekeeping gene). Transcript levels of 
Cu/ZnSOD, MnSOD and HSP90 increased due to ABA and/or heat applications. 
However, FeSOD expression level did not change during heat stress, and was absent in 
ABA-grown seedlings.  
The results of this study therefore indicated the potential applications of BA and 
ABA to improve the nutritive value of caixin seedlings, which could be used as a novel 
food source. However, large scale applications of BA and ABA should not be 
administered until their effects, when in excess, on the human body and on the ecosystem 
are thoroughly evaluated. Eventually, one also has to take into account the economic 
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Reactive oxygen species (ROS) are inevitable products of aerobic respiration and 
photosynthesis, formed when electrons leak from the electron transport chain in mitochondria and 
chloroplasts unto molecular oxygen (Alscher et al., 1997). Many research studies have focused 
on the damaging effects of ROS. On the cellular level, ROS ha been shown to oxidize important 
macromolecules, including lipids, proteins and DNA, and to modulate gene expression in both 
animals (Lee et al., 2004) and plants (Møller et al., 2007). Also, an accumulation of ROS is 
closely associated to the development of many degenerative diseases in humans (Lee et al., 2004) 
and to the exacerbation of abiotic and biotic stress in plants (Foyer et al., 1997; Smirnoff, 1993).  
However, it has become increasingly clear from recent research that ROS play important 
roles in biological systems. The involvement of ROS in pathogen defense in both plants (Inzé and 
Van Montagu, 1995) and humans (Simon et al., 2000; Stief, 2003) is well studied. Nitric oxide, a 
gaseous free radical and active signalling molecule, helps to regulate physiological processes 
such as smooth muscle relaxation and neural communication in mammals (Arasimowicz and 
Floryszak-Wieczorek, 2007). In plants, ROS, such as hydrogen peroxide, are also involved in the 
complex regulation of stomatal closure (Laloi et al., 2004). Hence, ROS have significant cellular 
functions and are not mere toxic metabolic by-products (Dat et al., 2000b).  
The regulation of ROS level is thus of utmost importance and undertaken by antioxidants 
such as superoxide dismutase and ascorbate (Halliwell, 2006). Through the scavenging of excess 
ROS, antioxidants protect biological systems from oxidative stress and damage, and might thus 
prevent diseases such as cancer and ageing-related disorders (Wilet, 2001). There is thus a 
growing interest in antioxidants. Yet, the determination of antioxidant capacity may prove 
challenging as well, due to the multi-faceted nature of antioxidants (Huang et al., 2005) which 
may react with the many ROS via a variety of mechanisms (Prior et al., 2005).  
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While ROS formation is unavoidable under optimum conditions, their generation is 
accelerated in the human body during inflammations and infections (Borek, 1997, 2004), and in 
plants exposed to environmental stresses such as high temperature and drought (Dat et al., 2000b). 
The demonstration of cross resistance to various stress factors in plants has been attributed to 
ROS generation (Alscher et al., 1997). Additionally, when plants face stressful events, an 
accumulation of ABA also occurs (Agarwal et al., 2005). Since ABA is also able to provoke ROS 
production, its accumulation has been associated to acclimation of plants to various 
environmental stresses by stimulating the antioxidant defenses in the plants (Ivanov et al., 1995).  
Many naturally-occurring antioxidants are found in Brassica vegetables, which are 
consumed in many parts of the world (Podsędek, 2007). These antioxidants are believed to confer 
anti-carcinogenity as several studies have shown that an increased consumption of Brassica 
vegetables leads to a reduced incidence of cancer (van Poppel et al., 1999; Verhoeven et al., 1996, 
1997). A recent study has shown that broccoli sprouts (Brassica oleracea var italia) contain more 
antioxidant compounds than its adult form, and could therefore potentially provide more health 
benefits (Shapiro et al., 2001). Moreover, various authors have found that young seedlings of pea 
(Pisum sativum) (Urbano et al., 2005) and rapeseed (B. napus) (Zieliński et al., 2006) were more 
nutritive than the ungerminated seeds, and could thus be offered to consumers as a source of 
functional foods.  
In Asia, Brassica vegetables are mainly consumed when vegetatively mature. The nutritive 
and antioxidative properties of the younger form of these vegetables are hardly explored. The aim 
of this study was to therefore study how the growth of seedlings of Chinese flowering cabbage, 
(caixin, B. chinensis var parachinensis) might be affected by plant growth regulators such as 
ABA and BA (6-benzyladenine). In addition, it was also investigated if ABA could enhance 
tolerance of the seedlings to an acute heat stress.  
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2. LITERATURE REVIEW 
 
Numerous epidemiological studies have demonstrated that a high consumption of fruits and 
vegetables often results in a reduced risk of chronic diseases such as cancer and atherosclerosis 
(Podsędek, 2007). Brassica vegetables, in particular, are viewed to have such health benefits to 
humans (Podsędek, 2007; van Poppel et al., 1999; Verhoeven et al., 1996, 1997). It has been 
suggested that the high level of naturally occurring antioxidants present in the Brassica 
vegetables confers anti-carcinogenicity by scavenging the reactive oxygen species (ROS) in the 
human body.  
 
 
2.2 REACTIVE OXYGEN SPECIES  
2.1.1 Definition   
Reactive oxygen species (ROS) is a collective term which includes oxygen radicals (such as 
superoxide radical) and certain oxygen-centered nonradicals (like singlet oxygen), the latter being 
oxidizing agents and/or are easily converted into free radicals (Hallliwell, 2006; Lee et al., 2004). 
A free radical contains one or more unpaired electrons in its atomic or molecular orbital and can 
exist as an independent species (Halliwell and Gutteridge, 2006). In general, free radicals are 
unstable, highly reactive and energized molecules (Lee et al., 2004). The term reactive species 
has been expanded to include reactive nitrogen, chlorine and bromine species (Halliwell, 2006).  
 
 
2.1.2 Origin of ROS  
Superoxide radical (O2·–) is the initial oxyradical formed (Alscher et al., 1997) during the 
premature escape of electrons from the mitochondrial electron chain onto molecular oxygen in 
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bacteria, plants and animals (Halliwell, 2006). As it will be seen later, this process also occurs in 
other organelles such as the chloroplasts and peroxisomes in plant species.  
O2·– are scavenged by the enzyme, superoxide dismutase (SOD), which catalyses its 
dismutation to form hydrogen peroxide (H2O2) and oxygen (1).  
 
 2 O2·– + 2 H+   H2O2 + O2  (1) 
 
Another ROS, singlet oxygen (1O2), is formed when H2O2 reacts with O2·–, HOCl, 
chloroamines (Stief, 2003) or peroxynitrite (Di Mascio et al., 1994). Its formation occurs in 
photosystem 1 (PSI) in plants (Asada, 2006), and in the eye and skin of animals (Halliwell and 
Gutteridge, 2006).  
In the presence of transition metal ions such as Fe2+ and Cu2+, H2O2 reacts with O2·– to form 
hydroxyl radicals (·OH), in a reaction known as Fenton or Haber-Weiss reaction (Dat et al., 
2000b). In vivo formation of ·OH occurs by at least three other mechanisms (Halliwell, 1995), 
including background exposure to radiation (von Stonntag, 1988) and reaction of O2·– and HOCl 
(Huie and Pamaja, 1993). In addition, the reaction of O2·– with NO· gives peroxynitrite, which 
undergoes homolytic fission under physiological pH to form nitrogen dioxide and ·OH (Halliwell, 
2006).  
The above shows that O2·– is involved in a number of reactions to give rise to other ROS 
which are often more toxic than itself. The type of reactions that it participates in is dependant on 
the concentration and the preferential scavenging capacity of the cell. For example, H2O2 may 
accumulate if SOD is preferentially activated, or be scavenged if other antioxidants, like 
peroxidases, are activated instead (Dat et al., 2000b).  
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2.1.3 Sources of ROS 
The mitochondria are the major ROS source in bacteria, plants and animals. Furthermore, in 
plants, ROS are also produced in chloroplasts, peroxisomes, cell wall oxidases and peroxidases. 
In photosynthesizing tissues, the chloroplasts and peroxisomes produce considerably more ROS 
than the mitochondria during photosynthesis and photorespiration, respectively (Foyer and 
Noctor, 2003). In the absence of photosynthesis (either in the dark, or in non-photosynthetic 
tissues), mitochondria will be the main site of ROS generation (Puntarulo et al., 1988). 
 
2.1.3.1 ROS production in mitochondria 
Both mammalian and plant mitochondria contain the following four complexes in the electron 
transport chain: a NADH dehydrogenase (complex I), a succinate dehydrogenase (complex II), an 
ubiquinol-cytochrome bc1 reductase (complex III) and a cytochrome oxidase (COX, complex IV). 
In addition, the electron transport chain (ETC) of the plant mitochondria also contains another 
five enzymes not present in mammals: an alternative oxidase (AOX) and four NAD(P)H 
dehydrogenases (Møller, 2001). In all aerobes, ROS production occurs mainly in complex I and 
complex III (Beyer, 1991; Boveris and Chance, 1977; Takeshiga and Minakami, 1979).  
Ubisemiquinone radicals are generated within complexes I and III during their normal 
mechanistic operation. Usually, electrons from these radicals are passed down the ETC to the 
next component and are eventually accepted by oxygen to form water. However, these radicals 
may also prematurely donate their electrons to oxygen, resulting in the formation of O2·– (Raha 
and Robinson, 2000). The overall level of reduction of ubiquinone is therefore the primary factor 
affecting mitochondrial ROS output: an overreduced ubiquinone pool results in increased ROS 
production (Sweetlove and Foyer, 2004). This phenomenon is due to a higher rate of electron 
input than output, which occurs when the terminal oxidases (COX and AOX) are inhibited 
(Møller, 2001; Popov et al., 1997). 
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Thus, the first line of defense against the excessive mitochondrial ROS production is the 
prevention of an over-reduction of ETC (Møller, 2001). In plants, AOX is able to accept 
electrons from ubisemiquinone when COX is saturated (Lambers, 1982; Palmer, 1976), or 
actively compete with an unsaturated COX for electrons in the presence of pyruvate (Hoefnagel 
et al., 1995). The functioning of AOX as an additional terminal oxidase in plants could possibly 
explain why mitochondrial ROS production in plants is lower than that of their chloroplasts 
(Laloi et al., 2004).  
Detoxification of ROS is another strategy adopted by organisms. This involves the use of 
enzymes such as SOD for O2·– dismutation, and the breakdown of the resulting H2O2 by catalases, 
and in systems including the ascorbate/glutathione cycle, the glutathione peroxidase system and 
the thioredoxin system (Møller, 2001).  
 
2.1.3.2 ROS production in chloroplasts 
In photosynthesis, light energy which is absorbed by the light-harvesting complexes is transferred 
to the photosystems. Electrons are then passed to a final electron donor which is usually carbon 
dioxide (Dat et al., 2000b). ROS formation occurs mainly in the reaction centers of photosystems 
I and II (PSI and PSII, respectively) in the chloroplast thylakoids (Asada, 2006).  
When the capacity of carbon assimilation is exceeded, a situation which may arise during 
environmental stress conditions such as exposure of plants to high light, high temperatures, 
drought and salt stress (Dat et al., 2000b), ETC overreduction then takes place, resulting in the 
inactivation of PSII and the inhibition of photosynthesis (photoinhibition). ETC hyperreduction 
can be prevented by either non-photochemical quenching (dissipation of excess excitation energy 
in PSII antenna) or by photochemical quenching (transfer of electrons to alternative acceptors) 
(Ort and Baker, 2002). The latter involves the use of two electron sinks. Firstly, oxygen serves as 
an alternative electron donor in PSI, thereby generating O2·– which is subsequently dismutated by 
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SOD (Apel and Hirt, 2004). The second electron sink involves the process of photorespiration, 
where ribulose-1,5-bisphosphate (RuBP) is oxygenated by ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) in the chloroplasts, yielding two molecules of 
phosphoglycolate. These are then transported into peroxisomes and oxidized by glycolate oxidase, 
to give H2O2 as a by-product (Foyer, 1996). ROS production from oxygen is therefore inevitable, 
in order to protect the photosynthetic apparatus (Apel and Hirt, 2004).  
Another ROS source during photosynthesis is the continuous production of singlet oxygen 
in PSII, the reaction centre of which comprises of cytochrome b559 and the heterodimer of the D1 
and D2 proteins. Functional prosthetic groups, including pheophytin, chlorophyll P680 and 
quinone electron acceptors, QA and QB, are held together by the heterodimer. When the reaction 
centre is excited, charge separation between pheophytin and P680 takes place, before the 
sequential reduction of QA and QB (Barber, 1998). However, excess light energy overreduces QA 
and QB, resulting in incomplete charge separation and hence the recombination of reduced 
pheophytin and oxidized P680 chlorophyll. The formation of the triplet state of P680 is favoured 
under such conditions (Apel and Hirt, 2004), with the subsequent energy transfer to oxygen to 
generate singlet oxygen (Holt et al., 2005).  
The triplet state of P680 and singlet oxygen can be quenched by certain carotenoids such as 
zeaxanthin (Holt et al., 2005). In addition, two molecules of β-carotene are found in the reaction 
centre core of PSII, and are responsible for the quenching of singlet oxygen, but not the triplet 
state of P680 (Loll et al., 2005). Tocopherols can also quench singlet oxygen, albeit at a rate that 
is two orders of magnitude lower than that of β-carotene (Kranovsky, 1998).  
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2.1.4 Damaging Effects of ROS 
The process of ROS-induced oxidative damage to biological macromolecules, namely lipids, 
proteins and nucleic acids, occurs both in plants and animals, resulting in the formation of similar 
degradation products (Møller et al., 2007). In this section, the process and effects of ROS-
induced oxidation of lipids, proteins and nucleic acids are briefly described.  
 
2.1.4.1 Lipids 
Cellular membranes are made up of phospholipid bilayers, and thylakoid membranes are 
especially rich in polyunsaturated fatty acids (PUFAs) such as linoleic and linolenic acid (Rhoads 
et al., 2006; Møller et al., 2007). Membranes are thus direct targets of lipid peroxidation (Girotti, 
1998), a process accelerated by ROS (Boff and Min, 2002). In particular, PUFAs are especially 
susceptible to attack by ·OH and 1O2 (Møller et al., 2007), giving rise to the generation of 
cytotoxic lipid aldehydes, alkenals and hydroxyalkenals (HAEs), like 4-hydroxy-2-nonenal (HNE) 
and malondialdehyde (MDA) (Møller et al., 2007; Rhoads et al., 2006).  
Lipid peroxidation products, once formed, can react with other lipids, proteins and nucleic 
acids, thereby causing cellular damage (Rhoads et al., 2006). For instance, MDA is able to react 
with the free amino group of these molecules, resulting in structural modifications, which in turn 
lead to the dysfunction of immune systems in humans. Degenerative diseases such as diabetes 
and apoplexy in humans are correlated to a rise in lipid peroxidation products (Lee et al., 2004). 
Certain phospholipases involved in the release of oxidized fatty acids have been identified in 
animals, although similar enzymes have yet to be found in plants (Møller et al., 2007). In plants, 
aldehydes produced in the mitochondria of maize (Zea mays) have been suggested as the cause of 




Oxidative damage to proteins is mainly initiated by ·OH (Berlett and Stadtman, 1997) and can 
occur in several ways. Firstly, amino acids, such as cysteine and methionine residues, can be 
directly oxidized by ROS, forming disulfide bonds and Met sulfoxide, respectively. The breaking 
of peptide backbone may ensue (Dean et al., 1997; Stadtman, 2000). Moreover, as mentioned 
earlier, proteins can react with products of lipid peroxidation, such as MDA and HNE. HNE is 
able to react with cysteine, histidine and lysine (Lee et al., 2004; Schaur, 2003), and perhaps 
therefore induce the inhibition of AOX in plants (Winger et al., 2005).  
Furthermore, proteins can react with reactive nitrogen species, such as peroxynitrite, which 
reacts with essential –SH groups of residues of cysteine, methionine, tryptophane and tyrosine 
(Sakamoto et al., 2003; Virag et al., 2003). Lastly, ROS can directly react with metal co-factors, 
as illustrated by the sensitivity of aconitase (an iron-sulfur enzyme found in Krebs cycle) to O2·–  
(Flint et al., 1993) and H2O2 (Verniquet et al., 1991).  
The effects of protein oxidation in humans include alterations of signal transduction 
mechanisms, transport systems, enzymes activities, atherosclerosis and ischemia reperfusion 
injury (Berlett and Stadtman, 1997; Stadtman, 2000) Protein oxidation has been shown to 
accumulate during ageing in both human and animal organs (Stadtman, 2000), including brain 
tissue (Smith et al., 1991, 1992) and eye lenses (Garland et al., 1988) of humans, gerbil brain 
(Carney et al., 1991) and rat liver (Starke-Reed and Oliver, 1989). In addition, an increase in 
protein oxidation products is linked to diseases such as Alzheimer’s disease (Harris et al., 1995; 
Smith et al., 1996), Parkinson’s disease (Yoritaka et al., 1996), cardiovascular disease (Krsek-




2.1.4.3 Nucleic acids  
ROS modifications to DNA occur primarily on the nucleotide bases, and are carried out by ·OH 
(most reactive) and singlet oxygen (which attacks mainly guanine), but not by H2O2 and O2·– 
(Wiseman and Halliwell, 1996). For instance, ·OH reacts with guanine and thymine to form 8-
hydroxyguanine and thymine glycol, respectively (Ames et al., 1993). Also, indirect ROS 
damage to DNA can take place when MDA, resulting from lipid peroxidation by ROS, 
conjugates with guanine, creating an extra ring (Jeong et al., 2005). DNA modifications can lead 
to mutations, as well as to changes in cytosine methylation, which in turn affects gene expression 
(Halliwell, 2006).  
As observed in mammalian mitochondria, the lack of protective histones and chromatin 
structure increases the susceptibility of its DNA to oxidative damage. There are, however, no 
similar studies conducted on plant mitochondria and chloroplastic DNA (Rhoads et al., 2006; 
Møller et al., 2007). Nonetheless, the presence of multiple copies of DNA in these two organelles 
will enable the selection against harmful mutations, thus protecting the plant cell from adverse 
effects of oxidative DNA damage. In addition, cells can repair DNA damage in the nucleus and 
mitochondria by directly reversing the damage, or replacement of the altered nucleoside or base 
(Larsen et al., 2005; Tuteja et al., 2001), which involves DNA glycosylase (Halliwell, 1997). 
However, these systems can sometimes be overwhelmed, as indicated by the accumulation of 
oxidized DNA base in cases of chronic inflammatory diseases in humans (Lee et al., 2004). 
 
 
2.1.5 Beneficial Roles of ROS 
The reactions of ROS with cellular components are not always detrimental, and can sometimes be 
beneficial. In animals, both 1O2 and nitric oxide (NO) perform important immune functions (Fang 
et al., 2002; Stief, 2003). Moreover, in mammals, NO is an important neurotransmitter and helps 
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to regulate apoptosis and smooth muscle relaxation (Schmidt and Walter, 1994), while O2·– is 
likely to play a role in regulating cell growth (Halliwell, 1997).  
In plants, the accumulation of ·OH in cell walls of ripening fruits acts as a wall-loosening 
agent (Fry, 2004), and H2O2 and singlet oxygen are essential in formation of cell wall lignin (Inzé 
and Van Montagu, 1995). Strengthening of plant cell walls by ROS has been shown to limit the 
spread of pathogenic infection (Bradley et al., 1992; Chamnongpol et al., 1998; Wu et al., 1997).  
It is also increasingly clear from recent studies that ROS serve as signalling molecules in 
events of pathogen infection, environmental stresses, programmed cell death and developmental 
stimuli in plants (Mittler et al., 2004; Torres and Dangl, 2005). The importance of a rapid 
generation of ROS, known as an oxidative burst, is highlighted when it was shown that tobacco 
(Nicotiana plumbaginifolia) cells that did not produce ROS developed less disease resistance to 
Phytophthora infestans (Yoshioka et al., 2003). Genetic studies have demonstrated that NADPH 
oxidases, encoded by respiratory burst oxidase homolog (Rboh) genes, are the main producers of 
signalling ROS during the above mentioned processes (Mittler et al., 2004; Torres and Dangl, 
2005).  
Abiscisic acid (ABA), which is widely regarded as a stress hormone, is produced by plants 
during periods of abiotic stress (such as water stress) and during seed development. Its effects 
include stomatal closure for prevention of water loss (Fan et al., 2004) and the inhibition of seed 
germination (Fraser and Matthews, 1983). While it is known that ROS production in guard cells 
is promoted by ABA (Pei et al., 2000; Zhang et al., 2001b), the first genetic evidence for ROS as 
a signal transduction molecule in these cells was provided by Kwak et al. (2003). It was found 
that the absence of NADPH oxidases in the guard cells of an Arabidopsis (Arabidopsis thaliana) 
mutant led to the impairment of ABA-induced cellular changes, including ROS production, 
stomatal closure, Ca2+-channel activation and cytosolic Ca2+ increases (Kwak et al., 2003). ROS 
are vital also in cell expansion and development, as ABA-induced inhibition of root elongation 
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and seed germination was reduced in the above-mentioned Arabidopsis mutant (Kwak et al., 
2003; Torres et al., 2002).  
Along with other plant growth regulators (PGRs) like ethylene and salicylic acid, ABA is 
demonstrated to reduce oxidative damage sustained during heat stress (Larkindale and Huang, 
2004; Larkindale and Knight, 2002). By disrupting cellular homeostasis and uncoupling major 
physiological processes, the imposition of heat stress can prove disastrous to a cell (Suzuki and 
Mittler, 2006). Impairment of mitochondrial function and manifestation of lipid peroxidation as a 
result of heat stress were observed in Arabidopsis (Larkindale and Knight, 2002) and tobacco 
(Vacca et al., 2004).   
Pneuli et al. (2003) proposed that an intimate association exists between ROS and the heat 
stress-response pathway involving heat shock transcription factors (HSFs) and heat shock 
proteins (HSP) in plants. The presence of a HSF-binding sequence at the promoter region of 
ascorbate peroxidase, an enzyme that decomposes H2O2, was detected by Mittler and Zilinskas 
(1992) and Storozhenko et al. (1998). While it has been clearly established that the activation of 
Ca2+ channels by ABA involves the ROS and Rboh proteins, a clear cause-and-effect relationship 
between ROS and ABA during temperature stress has yet to be elucidated (Suzuki and Mittler, 
2006).  
Since ROS act as signalling molecules, and their production is often provoked during 
different environmental stress, it has been suggested that ROS are a common mediator in these 
conditions (Bowler et al., 1992; Gressel and Galun, 1994; Malan et al., 1990), and can plausibly 
explain why plants that demonstrate a tolerance to a specific environmental stress is often 
resistant to another. This phenomenon of cross-tolerance (Dat et al., 2000b) or cross-resistance 
(Alsher et al., 1997) is for instance observed when mung bean (Vigna radiate) and pea plants, 
which were pre-exposed to ethylene, were more resistant against future exposure to ozone 
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(Mehlhorn, 1990), and resistance to paraquat was correlated with resistance to suphur dioxide 
(Madamanchi et al., 1994). 
The above discussion thus illustrates that the formation and prompt scavenging of ROS are 
in a delicate balance – high ROS levels may damage the cell irreversibly, while low 
concentrations is essential for cell functioning and signalling, and possibly confer cross-tolerance. 




2.2.1 Definition of Antioxidant  
The condition in which ROS are produced in excess of the scavenging capability of the system of 
antioxidants is known as oxidative stress (Lee et al., 2004), which can arise in all living 
organisms. Unlike plants, humans are not able to manufacture their own antioxidants like 
tocopherols and ascorbate to handle increased oxidative stress, and have to therefore rely on 
exogenous sources of antioxidants found in the diet (Halliwell, 2006).  
In fact, depending on the industry, the scope and protection targets that the term 
“antioxidant” encompasses changes. For an industrial chemist, an antioxidant is a radical 
scavenger, like vitamins C and E, which eliminates free radicals that are indispensable for the 
propagation of the oxidation process, and thereby preventing autoxidation of chemical products. 
In foods, antioxidants refer not only to radical scavengers, but also to food components which 
offer protection against oxidative stress to the human body upon consumption. Examples of these 
dietary antioxidants include cofactors for enzymatic antioxidants (e.g. selenium for glutathione 
peroxidase), inhibitors of oxidative enzymes, metal chelators and radical scavengers (Huang et al., 
2005).   
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The broadest scope of antioxidants is found for a biological system, where it is defined as 
“any substrate that, when present at low concentrations compared with that of an oxidizable 
substrate, significantly delays or prevents oxidation of that substrate” (Halliwell, 1990; Halliwell 
and Gutteridge, 2006), an oxidizable substrate referring to every type of molecules found in vivo, 
including lipids, proteins and nucleic acids (Halliwell, 1990). A biological antioxidant will 
therefore encompass dietary antioxidants, as well as enzymatic antioxidants such as superoxide 
dismutases (SOD), catalases and ascorbate peroxidases (Halliwell and Gutteridge, 2006).  
 
 
2.2.2 Modes of Action 
Antioxidants protect biological systems from oxidative damage by limiting ROS formation or by 
ROS scavenging (Halliwell, 2006). These two mechanisms are described below.  
 
2.2.2.1 Reducing ROS formation 
As seen in Section 2.1.3.1, mitochondrial ROS production is inevitable, and it can be mediated by 
the use of alternative oxidase in plants. In addition, uncoupling proteins found in the inner 
mitochondria membranes are present in both plants and animals, which limit the formation of 
O2·– (Brand et al., 2004).  
As mentioned in Section 2.1.2, metal ions are necessary for the conversion of H2O2 and O2·– 
to ·OH, and are also able to accelerate the initiation step of lipid peroxidation (Lee et al., 2004). 
Thus, by limiting the availability of metal ions with metal chelators, ROS generation can be 
reduced. Examples of metal chelators include proteins, such as transferrin, ferritins and 
metallothionein (Halliwell and Gutteridge, 1990), and non-proteins, such as polyphenols, 
ascorbic acid, citric acid and phosphoric acid (Decker, 1995; Halliwell et al., 1995, Ramon and 
Gonzalo, 2002).  
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2.2.2.2 Removal of ROS 
The role of ROS removal is undertaken by enzymes and sacrificial antioxidants (Halliwell, 2006). 
SOD, catalases, peroxiredoxins and peroxidases are examples of enzymes that catalyses ROS 
breakdown (Lee et al., 2004). As noted earlier, SOD catalyses the dismutation of O2·– to oxygen 
and H2O2. Catalases are involved in the conversion of H2O2 to oxygen and water (Dat et al., 
2000), but are mostly found in peroxisomes (Schrader and Fahimi, 2004), and are therefore 
unable to remove H2O2 formed from O2·– dismutation in mitochondria and chloroplasts. While 
peroxidases, such as ascorbate peroxidase in plant chloroplasts (Mano et al., 2001) and 
glutathione peroxidase in animals (Brigelius-Flohe, 1999), have been considered as the main 
H2O2 scavengers, Rhee et al. (2005) found that peroxiredoxins may be the most important 
enzyme system to eliminate H2O2 in animals and possibly plants.  
Sacrificial antioxidants refer to “agents that are preferentially oxidized by reactive species 
to preserve more important biomolecules” (Halliwell, 2006). This occurs by the donation of a 
hydrogen atom to the free radical, such as peroxyl radical, O2·– and ·OH, for the stabilization of 
the latter (Lee et al., 2004). Although the agent itself is converted to a free radical in the process, 
it is often poorly reactive (like ascorbate and tocopherol radicals; Smirnoff, 2001) or is stabilized 
via resonance, as in the case of polyphenols (Bravo, 1998). Carotenoids, which are powerful 
quenchers of singlet oxygen, remove the latter chemically by reacting with it to form an oxidized 
product, or physically, by converting it to molecular oxygen through energy or charge transfer 




2.2.3 Superoxide Dismutases 
O2·– is the primary ROS produced during normal cellular activities of respiration and 
photosynthesis (Halliwell and Gutteridge, 2006), as examined in Section 2.1.3. Although it has 
limited reactivity in the aqueous solutions, it gives rise to ROS, in particular H2O2 and 
peroxynitrite, which are more toxic than itself (Halliwell and Gutteridge, 2006). Furthermore, 
O2·– is able to oxidize the iron-sulphur clusters in several enzymes required in amino acid 
metabolism and energy production, thereby resulting in enzyme inactivation. Constant repair of 
the damaged enzymes is necessary and proceeds rapidly enough under normal conditions, but can 
be easily overwhelmed when enzyme inactivation is accelerated during increased O2·– production, 
leading to inhibition of metabolic pathways (Imlay, 2003). The breakdown of O2·– is therefore 
essential for optimum cell functioning, and SODs are often considered the first line of defense 
against ROS (Alscher et al., 1997).   
Since O2·– is charged and thus unable to transverse phospholipid membranes, they remain 
trapped in the membrane-bound mitochondria and chloroplasts. Therefore, subcellular 
localization of SOD is crucial for the efficient scavenging of O2·– (Alscher et al., 1997, 2002). 
Classification of SOD is based on the prosthetic group present: copper/zinc (Cu/Zn), iron (Fe) or 
manganese (Mn). Cn/ZnSOD is a dimer that contains one Cu atom and one Zn atom per subunit, 
whereas FeSOD and MnSOD contain only one atom of the respective metal in their subunits 
(Alscher et al., 2002).  
Cu/ZnSOD is present in all eukaryotic cells (Donnelly et al., 1989), and is localized to the 
cytosol, chloroplasts, and peroxisomes (Asada 1994; Bueno et al., 1995; Ogawa et al., 1995). 
MnSOD is found in the mitochondria of eukaryotes. In plant cells, peroxisomal MnSOD was 
reported in pea (del Rio et al., 1983, 1998) and in watermelon (Citrullis lanatus) (del Rio et al., 
1992). In addition, MnSOD is present in prokaryotes, which also contain FeSOD (Donnelly et al., 
1989). FeSOD is absent in animals (Alscher et al., 2002), and its presence in higher plants have 
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been thought to be confined to Ginkgoaceae, Nymphaceae and Cruciferae (Salin and Bridges, 
1981). However, in recent years, the occurrence of FeSOD in three taxonomically distant plant 
species, namely Arabidopsis, tobacco (Van Camp et al., 1990) and soy bean (Glycine max) 
(Crowell and Amasino, 1991), has been reported and its presence have been localized to the 
chloroplasts (Meneguzzo et al., 1998; Salin and Bridges 1982; Van Camp et al., 1996). Recently, 
a novel class of SOD containing nickel (NiSOD) has been discovered, and is found only in 
cyonabacteria and Streptomyces (Barondeau et al., 2004) Other key differences between SOD 
isoforms common in plants and animals, including their susceptibility to inhibitors, are noted in 
Table 2.1. 
 
Table 2.1 Properties of the three different isoforms of SOD. 
Property Cu/ZnSOD MnSOD FeSOD 





Identical subunits  
Dimer (prokaryotesa) 
Tetramer (higher plantsb) 
Identical subunits 
Metal co-factor in 
subunit 
One Cu(II) and 
one Zn(II)  One Mn(II) One Fe(II) 
Molecular weight 
32 kDa 
42 – 46 kDa (dimer) 
80 – 90 kDA (tetramer) 
40 kDa (dimer) 
80 – 90 kDa (tetramer) 
Inhibition by 
chloroform/ethanol No effect Inhibited Inhibited 
Inhibition by CN- Yes (1mM CN-) No effect No effect 
Inhibition by H2O2 Yes (0.5mM H2O2) No effect Yes (0.5mM H2O2) 
Inhibition by DDCc Yes (50mM DDC) No effect Not recorded 
Effect of SDS Stable to 4% SDS  Unstable to 1% SDS  Unstable to 1% SDS  
Effect of pH on 
enzymic activity Stable at pH 5-10 
Activity decreases  
at pH>8 
Activity decreases  
at pH>8 
(Adapted from Donnelly et al., 1989) 
a
 Dimer form is also observed in following plant species: Ginkgo biloba, Brassica campestris, Nuphar luteum 
(Salin and Bridges, 1980). 
b
 Tetramer form is present in following prokaryotes: Myobacterium tuberculosis (Kusunose et al., 1976), 
Thermoplasma acisophilum (Searcy and Searcy, 1981) and Methobacterium bryantii (Kirby et al., 1981). 
c
 Iqwal and Whitney (1991) used DDC (diethyldithiocarbamate) to differentiate Cu/ZnSOD and MnSOD in rat 
tissue. Therefore no effect of DDC on FeSOD was recorded.  
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The activities of SOD enzymes were found to be elevated during the exposure of plants to 
stress. For instance, SOD levels increased in tobacco that received heat treatment (Tsang et al., 
1991). Cytosolic Cu/ZnSOD activity was increased in bean (Phaseolus vulgaris) leaves exposed 
to ozone, and strongly correlated to the resulting percent leaf injury (Pitcher et al., 1992). 
Increase in MnSOD activity in pea protoplasts exposed to paraquat was observed (Alscher et al., 
1997). Paraquat stress in tobacco resulted in an increases in the steady state level of FeSOD 
mRNA (Tsang et al., 1991). Transgenic plants that overexpress SODs were also shown to be 
more resistant to stress. A four-fold increase in plastid Cu/ZnSOD expression in tobacco boosted 
its resistance to chilling and high light (Sen Gupta et al., 1993). Transgenic plants that 
overexpressed mitochondrial MnSOD in the chloroplasts demonstrated a higher resistance to 
ozone damage, when compared to untransformed wild type (Van Camp et al., 1994). The 
overexpression of FeSOD in chloroplasts of transgenic plants enhanced its resistance to paraquat 
stress (Van Camp et al., 1996).   
 
 
2.2.4 Issues in the Study of Antioxidants 
A whole multitude of assays have been developed for the determination, evaluation and 
comparison of antioxidant activity in foods and in biological systems. These include ORAC 
(oxygen radical absorbance capacity), TRAP (total radical trapping antioxidant parameter), 
crocin bleaching assay, IOU (inhibited oxygen uptake), inhibition of linoleic acid oxidation, 
inhibition of LDL oxidation, TEAC (Trolox equivalent antioxidant capacity), FRAP (ferric-ion 
reducing antioxidant parameter), DPPH (diphenyl-1-picrylhydrazyl) radical scavenging capacity, 
copper (II) reduction capacity, TOSC (total oxidant scavenging capacity), inhibition of Briggs-
Rauscher oscillation reaction, chemiluminescence and electrochemiluminescence (Huang et al., 
2005).  
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However, most of these assays, which are based on hydrogen atom transfer (HAT) or single 
electron transfer (SET) (Prior et al., 2005), only allow for the determination of sacrificial 
antioxidant capacity, but not that of preventive antioxidant capacity (Huang et al., 2005). 
Furthermore, such methods usually fail to consider the diversity of mechanisms employed by 
antioxidants to scavenge ROS, as discussed above (Section 2.2.2). For instance, assays like 
TEAC and FRAP usually measure only one quality, which is reducing capacity of the sample in 
both instances. While it is true that some ROS such as peroxynitrite can be easily reduced to 
innocuous products (Frankel and Meyer, 2000; Huang et al., 2005), yet others like singlet oxygen 
are not eliminated via a redox reaction but by physical quenching (Boff and Min, 2002). Many of 
these assays are also criticized for using radicals, like ABTS+· in TEAC assay and DPPH·, whose 
synthetic and stable nature are contrary to the short-lived and reactive nature of in vivo ROS 
(Becker et al., 2004).  
The large variation in system composition, analytical methods and substrates employed in 
these assays makes it almost impossible for the valid comparison and interpretation of data 
obtained by different research groups (Frankel and Meyer, 2000; Huang et al., 2005). Thus, there 
is a pressing need for the standardization of antioxidant testing, in order to “minimize the chaos 
in the methodologies used to evaluate antioxidants” (Frankel and Meyer, 2000). While Huang et 
al. (2005) and Prior et al. (2005) have proposed specific methods (total phenols assay by Folin-
Ciocalteu reagent and ORAC) to be adopted, others have recommended a set of guidelines to be 
considered during antioxidant testing (Becker et al., 2004; Frank and Meyer, 2000; Halliwell, 
1995; Niki and Noguchi, 2000). Nevertheless, all these same authors have highlighted that no 
single method is sufficient to correctly measure the total antioxidant capacity, and concluded that 
different methods have to be used in order to depict the antioxidant profile of the system.  
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According to Halliwell (1995), the factors to take into account during the testing of 
antioxidant capacity in in vivo systems include the following: the determination of the protection 
target, whether sufficient antioxidant reaches it, the protection mechanism, the effects of the 
resulting antioxidant-derived radical and whether the antioxidant exert damaging effects in the 
biological system. It was also emphasized that the compound should be tested at concentrations 
achievable in vivo, and that biologically relevant ROS are used.  
The discussion of both Frank and Meyer (2000) and Niki and Noguchi (2000) centered on 
food and biological systems. Both articles drew attention to the effects of system composition, 
which will affect the partitioning, concentration, localization and mobility of the antioxidant. Niki 
and Noguchi (2000) also underscored the use of the peroxyl radical as substrate, the importance 
of differentiating between the rate and duration of inhibition, metabolism of the antioxidant, and 
interactions between antioxidants. Furthermore, Frank and Meyer (2000) highlighted the effects 
of the mode of inducing oxidation and the importance of reaction-end-point determination.  
Finally, Becker et al. (2004) suggested a strategy for the investigation of phenolic 
compounds, with the final aim of application in a food product or evaluation of its effects on the 
human system. From the initial quantification and identification of phenolic content of the foods, 
determination of radical scavenging activity (solvent effects of the system was emphasized), and 
ability to hinder lipid peroxidation, storage studies can then be performed on foods that has 
incorporated the phenolic compounds. Alternatively, the results could be used for evaluation of 
health benefits to the human body. Issues of method validation were also dealt with by Prior et al. 




2.3 BRASSICA VEGETABLES  
2.3.1 Nutritive Value of Brassicas 
Brassica vegetables belong to the Cruciferae family (Podsędek, 2007; Verhoeven, 1997), 
including all cabbage-like vegetables (Podsędek, 2007; Verhoeven, 1997). Some commonly 
consumed Brassica vegetables include broccoli (B. oleracea var italia), cabbage (B. oleracea var 
capitata) and cauliflower (B. oleracea var botrytis). In Asia, other leafy Brassica vegetables such 
as baicai (Chinese white cabbage, B. chinensis), caixin (B. chinensis var parachinensis) are also 
easily available (Kok et al., 1981).  
The antioxidant capacity of Brassica vegetables have been widely studied (Kurilich et al., 
2002; Llorach et al., 2003; Podsędek, 2007; Racchi et al., 2002; Verhoeven et al., 1997; 
Vrchovská et al., 2006), and largely attributed to their high contents of ascorbic acid, phenolics, 
carotenoids, tocopherol (Podsędek, 2007) and glucosinolates (van Poppel et al., 1999; Verhoeven 
et al., 1996, 1997) in these vegetables. Several studies have shown that an increased consumption 
of Brassica vegetables leads to a reduced incidence of cancer (Brook, 2005; van Poppel et al., 
1999; Verhoeven et al., 1996), possibly due to the cancer protecting effects offered by the 
hydrolysis products of glucosinolates (Keum et al., 2004, Paolini, 1998).  
 
2.3.2 Summary of Research on Brassicas 
A summary of research on antioxidants in Brassicas is provided in Tables 2.2 and 2.3. Most of 
the research has been conducted on vegetables commonly consumed in Western countries such as 
broccoli, cauliflower and rapeseed mustard. The most studied species was B. oleracea, in 
particular broccoli (Table 2.2) and its ascorbic acid content. The phenolic profiles of most 
Brassicas are poorly characterized, with the exception of broccoli florets. There is also a limited 
literature on the Vitamin E content in vegetables. Similarly, only the tocopherols and tocotrienols 
levels in B. oleracea (broccoli, cauliflower and cabbage) were evaluated by Piironen et al. (1986) 
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and Kurilich et al. (1999). The contents of ascorbic acid, phenolics, carotenoids and tocopherols 
and tocotrienols of leafy Brassica vegetables commonly consumed in Asia, for instance B. 
parachinensis, B. chinensis and B. pekinensis, are hardly investigated (Table 2.3).  
In contrast, the profiles of glucosinolates of certain Brassica vegetables are comparatively 
better documented. Various authors (Daxenbichler et al., 1991; Fahey et al., 2001; Verhoeven et 
al., 1997) have recorded and reviewed a huge volume of literature on this subject. The great 
interest in glucosinolates could be due to the initial interest in their antinutritional quality (Fahey 
et al., 2001).  
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Table 2.2 Summary of research on antioxidants in Brassica  oleracea.  
Parameters Studied Species 
Antioxidant assay Ascorbic acid Phenolics Carotenoids Glucosinolates 
B. oleracea     Stoewsand (1995) 
Broccoli  
(var italia) 
O2 radical absorbance capacity 
(Kurilich et al., 2002) 
Bahorun et al. (2004)  
Davey et al. (2000) 
Favell (1998) 
Hrncirik et al. (2001)  
Hussein et al. (2000)  
Kurilich et al. (1999) 
Murcia et al. (2000) 
Zhang and Hamauzu 
(2004) 
Bahorun et al. 
(2004) 
Chu et al. (2002) 




Heinonen et al. (1989) 
Holden et al. (1999) 
Kurilich et al. (1999) 
Muller (1997) 
Murkovic et al. (2000) 
de Sa et al. (2004) 
Zhang and Hamauzu 
(2004) 
Carlson et al. (1987) 
Kushad et al. (1999) 





DPPH scavenging capacity 
ABTS scavenging capacity 
Ferric reducing efficiency 
Lipid oxidation inhibitor capacity 
(Llorach et al., 2003) 
Bahorun et al. (2004) 
Davey et al. (2000) 
Hrncirik et al. (2001) 
Kurilich et al. (1999) 
Pfendt et al. (2003) 
Puupponen-Pimia et al. 
(2003) 
Bahorun et al. 
(2004) 
Wu et al. (2004) 
 
Heinonen et al. (1989) 
Kurilich et al. (1999) 
Muller (1997) 
 




Hydroxyl radical scavenging 
capacity (Racchi et al., 2002) 
Bahorun et al. (2004) 
Chu et al. (2002) 
Davey et al. (2000) 
Hrncirik et al. (2001) 
Kurilich et al. (1999) 
 
 Heinonen et al. (1989) 
Holden et al. (1999) 
Kurilich et al. (1999) 
Muller (1997) 







DPPH scavenging capacity  
ROS scavenging capacity 
(Vrchovská et al., 2006) 
 
 Ferreres et al. 
(2005) 







Davey et al. (2000) 
Pfendt, et al.  (2003) 
 Heinonen et al. (1989) 
Holden et al. (1999) 
Kurilich et al. (1999) 
Muller (1997) 
Rangkadilok et al. 
(2002b) 
Kale  Davey et al. (2000) 
Pfendt et al. (2003) 
 
 Holden et al. (1999) 
Kurilich et al. (1999) 
Muller (1997)  
de Sa et al. (2004) 
 




Table 2.3 Summary of research on antioxidants in other members of the Brassica family 
Parameters Studied 
Species 
Antioxidant assay Ascorbic acid Phenolics Carotenoids Glucosinolates 
B. nigra     Rangkadilok et al. (2002a)  
Rangkadilok et al. (2002b) 
B. juncea  
 
    Palmer et al. (1987) 
Rangkadilok et al. (2002a)  
Mustard greens  
(var rugosa) 
    Carlson et al. (1987)  
Hill et al. (1987) 
Rangkadilok et al. (2002b) 
B. napus     Booth et al. (1991) 
Campbell and Kondra (1978) 
Clossais-Besnard and Larher 
(1991)  
McGregor (1988) 




(var parachinensis)  
 
    
Wills and Rangga (1996)  
 
Wills and Rangga (1996) 
 
B. rapa var 
pekinensis 
(Chinese cabbage) 
  Bahorun et al. (2004) Wills and Rangga (1996)   








2.3.3 Use of Plant Growth Regulators on Brassicas 
Plant growth and development are controlled and regulated by plant growth regulators 
(PGR), or phytohormones, and include auxins, gibberellins, cytokinins, abscisic acid 
(ABA) and ethylene (Kende and Zeevaart, 1997), as well as novel classes such as  
brassinosteriods, jasmonates and oligliosaccharins (Creelmann and Mullet, 1997).  
Exogenous applications of PGRs onto plants have been found to influence the 
chemical composition of the treated parts, and hence possibly their antioxidant capacity. 
For instance, when Teszlák et al. (2005) applied gibberellic acid (GA3) to grapevine 
flowers, from which grapes (Vitis vinifera) were subsequently used in wine production, it 
was discovered that the wines produced showed a higher phenolic content than expected. 
Similar results were obtained during ABA applications to wheat (Triticum aestivum) 
seedlings (Agarwal et al., 2005), rice (Oryza sativa) protoplasts (Sakamoto et al., 1995), 
maize seedlings (Jiang and Zhang, 2001, 2002) and tobacco cell cultures (Bueno et al., 
1998), resulting in increases in activities of antioxidative enzymes (notably that of SOD). 
The effects of BA (benzylaminopurine, a type of cytokinin) on antioxidant capacity were 
hardly investigated. Only Santos-Gomes et al. (2002) reported that BA application to in 
vivo shoots of sage (Salvia officinalis L) resulted in a reduction of phenolic concentration, 
and in turn a decrease in antioxidant activity.  
When ABA and BA were used on Brassica vegetables (Table 2.4), the focus was on 
in vitro propagation, namely the regeneration of shoots, improvement of growth 
conditions to optimize shoot regeneration and selection of calli possessing certain traits. 
On a cellular level, such exogenous applications of ABA and BA had also concentrated 
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on the induction of the potassium channels and the glyoxalase II gene. The vegetables 
most frequently studied were B. napus and B. juncea. 
 
 
Table 2.4 List of studies performed to test the effects of PGRs on Brassicas.  
Species PGR used Objective of research Reference 
B. napus 2,4-D; BA; 
NAA  
Induction of micro-derived 
embryos  
Nehlin et al. (1995) 




 ABA (priming) Investigation of variation in 
peroxiredoxin and calmodulin 
content in ABA primed seeds 
Gao et al. (2002) 
B.  juncea BA; NAA Selection of zinc and 
manganese tolerant calli 






Optimization of conditions for 
shoot regeneration from 
excised cotyledons 
Sharma et al. 
(1990) 
 ABA Induction of glyoxalase II gene Saxena et al. (2005) 
B. 
campestris  
BA; NAA Selection of zinc and 
manganese tolerant calli  
Rout et al. (1999) 
B. carimata 
Braun 







2,4-D; BA Regeneration of plant using 
protoplast derived from stems 
Pua (1987) 
B .rapa ssp 
pekinensis 
ABA Stimulation of potassium 
channel gate 
Zhang et al. (2006) 





2.3.4 Aim of Project 
Recent research have demonstrated that young broccoli sprouts contain between twenty 
to fifty times more glucosinolates than the floret heads of broccoli commonly sold in the 
market (Fahey et al., 1997). Indeed, the chemoprotective nature of sulphoraphane derived 
from broccoli sprouts was once again firmly established when Dinkova-Kostova et al. 
(2006) demonstrated that topical application of myrosinase-treated broccoli sprout 
extracts was effective in reducing tumor incidence in rats. Moreover, only the level of 
glucosinolates, but not of other antioxidative compounds, at different stages of growth of 
the following Brassica species was evaluated (Rangkadilok et al., 2002a). The changes in 
glucosinolate concentration in B. napus from vegetative to mature stages, and during pod 
and seed maturity, were investigated by Booth et al. (1991) and de March et al. (1989), 
respectively. Similar studies were performed on seedlings of B. juncea (Palmer et al., 
1987) and through a complete plant life cycle of B. nigra, B. juncea, and B. oleracea var 
italia (Rangkadilok et al., 2002a).  
Until now, no similar research to study the potential benefits of young caixin (B. 
chinensis var parachinensis) seedlings, or seedlings of commonly eaten leafy Asian 
Brassicas, nor changes to the antioxidative capacity during the early stages of growth, 
had been conducted. Moreover, there is a lack of studies of PGR effects on caixin 
seedlings. The objective of this project was thus, firstly, to study physiological effects of 
BA and ABA on caixin seedlings; secondly, to investigate how different stress treatments, 
namely ABA and heat applications, affect the growth and antioxidant capacity of caixin 
seedlings; and thirdly, to characterize the SOD isoforms of these seedlings.  
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3. MATERIALS AND METHODS 
 
3.1 Materials  
Seeds of Brassica chinensis var parachinensis (KY early) (caixin) were bought from 
Known-You Seeds Co., Ltd (Taiwan). All solvents and reagents used were obtained from 
Sigma Chemical Co. (St Louis, United States), unless otherwise stated, and were either of 
an analytical or HPLC grade. Distilled water (18.2 MΩ cm-1) was prepared by using a 
Millipore Milli-RO 12 plus system (Millipore Corp., Bedford, United States). 
Absorbance readings were recorded using a double-beam spectrophotometer (Shimadzu 




3.2.1 Seed Germination and Growth of Seedlings 
3.2.1.1 Preparation of GA7 containers 
Each of the GA7 containers used for the sowing of seeds was lined with five pieces of 
commercial facial cotton wool (5.5 cm x 5.5 cm) and one piece of mesh netting (6 cm x 6 
cm). Next, 40 ml of growth medium (see Section 3.2.1.3) were added to each container. 




3.2.1.2 Surface sterilization of seeds  
Approximately 0.35 g of seeds (about 200 seeds) were sown in each GA7. The seeds 
were surface sterilized by first soaking in 100 % ethanol for 1 min, followed by second 
wash in 5 % (v/v) Clorox/ distilled water for 10 min. The seeds were next rinsed 
thoroughly with distilled water for four times, and then sowed.  
Sowing of the sterilized seeds into the autoclaved GA7 containers was carried out 
under sterile conditions in a laminar flow hood. After sowing, the seeds were then kept in 
a culture room under a 16h–day (25 ºC) / 8h–night (22 ºC) photoperiod with 32 µmol 
quanta m-2 s-1 supplied by four fluorescent tubes (Osram Sylvania, Inc., Illinois, United 
States). The seeds were allowed to germinate and the seedlings were grown under the 
same conditions.  
 
3.2.1.3 Growth medium 
Previous work has shown that the growth of the caixin seedlings was best in full strength 
Hoagland’s solution (HS; Ong, 2004). The preparation of the Hoagland’s solution is 
given in Table 3.1. Stock solutions of the micro-elements (Table 3.2) and the various 
macro-elements were individually prepared and stored in a 4 ºC refrigerator, except Fe 
EDTA that was freshly prepared.  
 
3.2.1.4 Treatment with 6-benzyladenine (BA) and abscisic acid (ABA) 
The seeds were sown in different concentrations of BA (0.01 µM, 1 µM, 100 µM) and 
ABA (0.01 µM, 1 µM, 10 µM, 100 µM) that were prepared in HS. Seeds that were sown 






 Volume / ml 
Macro Element Stock:  
1 M KNO3 5 
1 M Ca (NO3)2 5 
1 M MgSO4 2 
1 M KH2 PO4 1 
0.5 % (w/v) Fe EDTA 1 
Micro Element Stock 1 










MnCl2. 4H2O 0.181% 
CuSO4.5H2O 0.800% 




3.2.2.1 Harvest and collection of plant tissues 
Fresh plant material was used for all assays. Seedlings were harvested on 3, 5, 7, 9 and 11 
days after sowing (DAS). They were excised at the base of their hypocotyls. Cotyledons 
were also collected by excising the harvested seedlings at the base of the cotyledons.  
Table 3.1 The volumes of macro-element and micro-element stock solutions 
required for the preparation of 1 L of full strength Hoagland’s solution (HS). 
Refer to Table 3.2 for the composition of micro-element stock solution 
Table 3.2 The various compounds that made up the micro-element stock solution 
for full strength Hoagland’s solution.  
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3.2.2.2 Physical parameters  
The average height and fresh weight of 10 seedlings were measured using a ruler and an 
electronic weighing balance, respectively. For the determination of dry weight, 1 g of 
plant tissues (seedlings, cotyledons or hypocotyls) was oven dried at 80 ºC for a week, 
and was subsequently weighed.  
 
3.2.2.3 Concentration of chlorophylls and carotenoids  
Methods described by Arnon (1949) and Embry and Nothnagel (1994) were used to 
determine the chlorophyll (chl) and carotenoid concentrations of the cotyledons. 
Cotyledons (0.03 g) were ground in 5 ml of absolute acetone in the dark, and the extract 
was incubated in the dark at room temperature (20 ºC) for 10 min. The extract was then 
centrifuged at 4000 rpm at room temperature for 10 min. Three ml of the extract were 
then carefully transferred into a glass cuvette, and the absorbances at 663 nm, 645 nm 
and 460 nm were recorded. Concentrations of chl a, chl b, total chl and carotenoids were 
calculated as follows, where V was the volume of absolute acetone used, and W the 
weight of cotydelons used.  
 
Chl a (mg g-1 FW) = [(12.7 x OD663) – (2.69 x OD645)] x V/(1000W) 
Chl b (mg g-1 FW) = [(22.9 x OD645) – (4.68 x OD663)] x V/(1000W) 
Total chl (mg g-1 FW) = [(20.2 x OD645) + (8.02 x OD663)] x V/(1000W) 
Carotenoids (mg g-1 FW) = [(5 x OD460) – (14.87 x OD645) + (2.84 x OD663)] x V/(1000W) 
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3.2.2.4 Total soluble phenolic concentration  
The concentration of total soluble phenolics was determined using the Folin-Ciocalteu 
method described by Gutfinger (1981). The sample extract was obtained by grinding 1 g 
of seedlings in 1 ml of distilled water and centrifuged at 10,000 g at 4 ºC for 15 min. The 
standard curve was prepared from different concentrations of ascorbic acid (AA) (0-1.0 
mg ml-1). AA (vitamin C) is a common nutrient familiar to the general public. 
The reaction mixture contained 50 µl of ascorbic acid or supernatant, to which 600 
µl of distilled water and 150 µl of Folin-Ciocalteu reagent were added. After mixing, the 
mixture was incubated in the dark for 3 min. Nine hundred µl of 10 % (w/v) sodium 
hydrogen carbonate were then added, followed by 1300 µl of distilled water. The reaction 
mixture was further incubated in the dark at room temperature for 90 min. The 
absorbance at 725 nm was recorded. The total soluble phenolic concentration was 
expressed as mg AA per gram of fresh weight of plant tissues. 
 
3.2.2.5 Antioxidant capacity 
The antioxidant capacity was evaluated by using the DPPH· (2,2-diphenyl-2-
picryhydrazyl radical) assay (Blois, 1958), and recorded as ascorbic acid equivalents. 
Plant tissues (1 g) were extracted in 1 ml of distilled water, and centrifuged at 10,000 g at 
4 ºC for 15 min. A fresh solution of 0.1 mM of DPPH· was prepared in absolute methanol, 
and its absorbance at 517 nm was verified to be between 0.8 and 1.2. A standard curve 
was prepared using different concentrations of AA (0-0.5 mg ml-1).  
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The reaction mixture contained 50 µl of extract or 50 µl of AA, and 2.95 ml of 0.1 
mM DPPH· radical solution. The mixture was incubated in the dark at room temperature 
(25 ºC) for 30 min. Methanol, in place of the DPPH· radical solution, was used as blank. 
The absorbance of each mixture at 517 nm was recorded. The antioxidant capacity was 
expressed as mg AA per gram fresh weight of plant tissues.  
 
3.2.2.6 Photosynthetic activity 
A modulated FMS-2 fluorometer (Hanstech Instruments Ltd, Norfolk, UK) was used to 
estimate the photosynthetic ability of the seedlings. One seedling with intact roots was 
removed from the GA7 container. A light-tight clip supplied by the manufacturer was 
used to clip onto one of the cotyledons for dark-adaptation (30 min) at room temperature, 
before the following light treatments were applied.  
Initial fluorescence yield, Fo, was measured at a PPFD less than 0.1 µmol m-2 s-1. A 
saturating flash of light (10 000 µmol m-2 s-1, 700ms) was then supplied to determine 
maximum chlorophyll fluorescence yield, Fm. An actinic light at 32 m-2 s-1 was next 
applied for 23 minutes, during which saturating flashes of light (10 000 µmol m-2 s-1, 
700ms) were re-applied every minute, to measure Fm’ (maximum fluorescence yield 
under light-adapted conditions). The steady fluorescence value just before the flash is 
known as Fs. After the last pulse of saturating light, actinic light was removed, and far-
red light was simultaneously provided to determine Fo’ (minimum fluorescence yield 
under light-adapted conditions). Various fluorescence parameters (Fv/Fm, Fv/Fo, Fm/Fo, 
ΦPSII, qP, qNP and NPQ), which were generated from the software provided by the 
manufacturer, are calculated according to Schreiber et al. (1994).   
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Table 3.3 Definition and calculation of fluorescence parameters 
Parameter Definition Calculation 
Fv/Fm Maximum photochemical efficiency of PSII in the 
dark-adapted state 
(Fm-Fo)/Fm 
Fv/Fo Variable fluorescence ratio (Fm-Fo)/Fo 
Fm/Fo Variable fluorescence ratio  
ΦPSII Efficiency of PSII (Fm’-Fs)/Fm’ 
qP Photochemical quenching (Fm’-Fs)/(Fm’-Fo’) 
qNPa Non-photochemical quenching (Fm-Fm’)/(Fm’-Fo) 
NPQ Non-radiative dissipation via xanthophylls cycle/ 
non-photochemical quenching 
(Fm-Fo’)/Fm’ 
Adapted from Maxwell and Johnson (2000) and Schreiber et al. (1994).  
a qNP is an older term for non-photochemical quenching that requires the measurement of Fo.
 
 
3.2.2.7 Concentration of total water-soluble proteins 
The Bio-Rad protein assay was used according to the manufacturer’s specifications (Bio-
Rad, Hercules, CA, USA) for the quantification of total water-soluble protein 
concentration. The sample extract was obtained by grinding 1 g of seedlings in 1 ml of 
distilled water and centrifuged at 10,000 g at 4 ºC for 15 min. The standard curve was 
prepared from different concentrations of bovine serum albumin (BSA) (0.2-0.9 mg ml-1).  
Three ml of 20% (v/v) Bio-Rad reagent were added to 60 µl of extract. The reaction 
mixture was incubated at room temperature for 20 min. Blanks were prepared by using 
distilled water in place of the Bio-Rad reagent. The absorbance of the samples at 595 nm 
was recorded. The total soluble protein concentration was expressed as mg BSA per gram 




3.2.3 Heat Treatment 
Seven-day old seedlings were heat treated by incubating the GA7 containers, in which 
they were grown, in a 45 ºC oven for 10, 12, 15 or 20 min. The chlorophyll fluorescence 
was determined immediately after the heat treatment, as described above. Seedlings were 
also immediately harvested, as described above, for the assays.  
 
3.2.3.1 Characterization of SOD isoforms 
Characterization of SOD isoforms was conducted according to Beauchamp and Fridovich 
(1971). Seedlings (0.1 g) were ground in 1 ml of SOD extraction buffer (50 mM HEPES, 
0.1 mM EDTA, pH 7.8). Aliquots (20 µg proteins per lane) were loaded onto a 10% 
native polyacrylamide gel (0.75 mm thick). Electrophoresis was then carried out using 
the vertical slab gel apparatus (Mini-Protean III, Bio-Rad, Hercules, USA) at 100 mV in 
a cold room (4 ºC).  
Staining for SOD activity was performed as follows. The gel was first immersed in 
potassium phosphate solution (50 mM, pH 7.8) for 15 min in the dark. Identical duplicate 
gels were soaked in potassium phosphate solution (50 mM, pH 7.8) containing one of the 
following inhibitors: 20 mM DDC or 5 mM H2O2, in order to inhibit Cu/ZnSOD, and 
Cu/Zn and FeSOD, respectively (refer to Table 2.1). All the 3 gels were subsequently 
washed in distilled water, and then completely soaked in 2.5 mM NBT (nitro blue 
tetrazolium) solution for 20 min in the dark. The gels were then rinsed again in distilled 
water, and left to develop in a solution of 2.8 µM riboflavin, 28 mM methionine and 36 
mM potassium phosphate buffer (pH 7.6) in the light until achromatic bands against a 
blue background appeared.  
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3.2.3.2 SOD activity  
SOD activity of seedlings was determined according to the method of Giannopolitis and 
Ries (1977). Seedlings (0.1 g) were ground in 1 ml of SOD extraction buffer (50 mM 
HEPES, 0.1 mM EDTA, pH 7.6) and centrifuged at 12,000 g at 4 ºC for 15 min. The 
method of Iqbal and Whiteny (1990) was used for the inhibition of Cu/ZnSOD with DDC. 
500 µl of supernatant was then incubated at pH 7.6 with 50 mM DDC at 37 ºC for 1 hour. 
An untreated control was incubated in the same manner in the absence of DDC. Both 
untreated (total SOD) and DDC-treated (MnSOD and FeSOD) samples were then 
desalted using Sephadex G25 (medium).  
Eluant from both samples was used in the determination of SOD activity. The 
reaction mixture contained 50 mM potassium phosphate buffer (pH 7.6), 0.1mM EDTA, 
56 µM NBT, 13 mM methionine, 0.02 mM NaCN, 50 µl of extract and 1.17 µM 
riboflavin; the total volume was adjusted to 3.0ml with distilled water. In order to 
determine the activity of MnSOD, 5 mM H2O2 were added to the reaction mixture 
containing the untreated control. The reaction was initiated by an illumination of 120 µM 
quanta m-2 s-1 and terminated 15 min later by removing the reaction mixtures from the 
source of illumination. The absorbance at 560 nm was then recorded. 
 
3.2.3.3 RNA extraction 
Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. Seedlings (0.2 g) were ground in liquid nitrogen to a fine 
powder using a mortar and pestle. TRIzol was then added (1 ml to 0.1 g fresh tissue) and 
the sample was further homogenized. The sample was left to thaw at room temperature 
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and centrifuged at 12,000 g for 10 min at 4 ºC. The supernatant was transferred to a new 
Eppendorf tube, to which chloroform was added (0.2 ml to 1 ml TRIzol). The sample was 
then vigorously mixed for 15 s, incubated at room temperature for 3 min, and then 
centrifuged at 10,000 g for 15 min at 4 ºC for phase separation.  
The aqueous phase was subsequently transferred to a new Eppendorf tube, and its 
volume was noted. Isopropanol (0.5 ml to 1.0 ml of aqueous phase) and 0.8 M sodium 
citrate/1.2 M sodium chloride (0.5 ml to 1.0 ml of aqueous phase) were then added. The 
sample was gently mixed by inversion, incubated at room temperature for 20 min, and 
centrifuged at 10,000 g for 10 min at 4 ºC.  
The supernatant was discarded, and the pellet was washed with 75 % ethanol (1 ml 
ethanol to 1 ml TRIzol), before centrifuging at 7500 g for 5 min at 4 ºC. The supernatant 
was discarded, and the pellet was briefly dried in a vacuum evaporator and resuspended 
in 30 µl of double autoclaved distilled water. The concentration of RNA was then 
measured using the NanoDrop® ND-1000 (NanoDrop Technologies, Wilmington, USA). 
The extract of total RNA was used for cDNA synthesis (see below) and stored at -80 ºC.  
 
3.2.3.4 cDNA synthesis 
cDNA synthesis was carried out according to instructions provided in the SuperScript® 
First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, California).  
An RNA/primer mixture containing the following was prepared in sterile PCR tubes: 
2 µg of total RNA, 1 µl of 10 mM dNTP mix, 1 µl of Oligo(dT)12-18, and the total volume 
was adjusted to 10 µl with DEPC-treated water. This mixture was incubated at 65 ºC for 
5 min. This was then placed on ice for at least 1 min, after which a reaction mixture 
 38 
containing the following was added to it: 2 µl of 10x RT buffer, 4 µl of 25 mM MgCl2,   
2 µl of 0.1 M DTT, and 1 µl of RNaseOUT™ Recombinant RNase Inhibitor.  
The mixture was next incubated at 42 ºC for 2 min, before 1 µl of SuperScript™ II 
RT was added. The mixture was further incubated at 42 ºC for 5 min and the reaction was 
subsequently terminated by an incubation period of 15 min at 70 ºC. The resulting cDNA 
was used as a DNA template in PCR amplification.  
 
3.2.3.5 Primer design 
Based on multi-alignment of known sequences in other plants, obtained from NCBI’s 
database, primers (forward and reverse) were designed according to conserved regions. 
Primers of β-tubulin were designed from conserved regions in A. thaliana, Solanum 
tuberosum (potato) and Lycopersicon esculentum (tomato). Primers of Cu/ZnSOD were 
designed according to conserved sites in Raphanus sativus (radish), B. juncea (Indian 
mustard), B. rapa ssp. Pekinensis (chinese cabbage) and A. thaliana.  
A search conducted in the NCBI database revealed that 3 genes encoding for 
MnSOD and another three genes encoding for FeSOD were found in A. thaliana. 
Conserved sites in these 3 genes were used to design MnSOD and FeSOD. HSP90 was 
designed from the conserved regions in A. thaliana, Hordeum vulgare (barley) and Oryza 
sativa (rice). Details of each set of primers were listed out in Table 3.3 and were obtained 





Table 3.4 Details of primers (forward and reverse) used to amplify genes of interest in B. chinensis 
var parachinensis seedlings. Tm: optimum temperature for annealing of primers to cDNA template.  
Gene Primer Primer Sequence  Tm / ºC 
Forward  5’ CGCACTCTCAAACTCAGCACTCC 3’ 
β-tubulin 
Reverse  5’ GCAAGAAAGCTTTACGCCTGAACATAG 3’ 
56.4 
Forward  5’ CAGCAGTGAGGGTGTTAAGGGGAC 3’ 
Cu/ZnSOD 
Reverse  5’ GCCCTGAAGACCAATAATACCACAAG 3’  
59.3 
Forward  5’ CATCACCAGAAGCATCACCAGGC 3’ 
MnSOD 
Reverse  5’ CCTCGCTTGCATATTTCCAGTTG 3’ 
55.0 
Forward  5’ CACTGGGGCAAACATCACAAAAC 3’ 
FeSOD 
Reverse  5’ GCTCTTCGGTTCTCAAAATCCAG 3’ 
60.0 
Forward  5’ GATGAGCAGTACGTGTGGGAGTC 3’ 
HSP90 




3.2.3.6 Gradient Polymerase Chain Reaction (PCR) and PCR amplification 
Gradient PCR was carried out by varying the annealing temperature from 55 ºC to 60 ºC. 
The temperature at which the brightest band was observed was used for the amplification 
of other samples.  
PCR amplification was executed in a half reaction mixture of 25 µl, consisting of 
17.5 µl of autoclaved distilled water, 2.5 µl of 10x RT buffer, 1.5 mM of MgCl2, 10 µM 
of dNTP mix (Promega, US), 10 µM of the forward primer and its corresponding reverse 
primer, 0.5 µl of Taq polymerase and 1 µl of cDNA template. PCR was carried out under 
the following conditions: denaturation at 95 ºC for 3 min, followed by 29 cycles of 
amplification (94 ºC for 30 sec, corresponding Tm of each primer set for 1 min and 72 ºC 
for 1 min), and subsequently a final extension at 72 ºC for 8 min.  
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3.2.3.7 Analysis of PCR products via agarose gel electrophoresis 
PCR products and a DNA ladder were loaded onto a 1% agarose gel prepared in 1x TAE 
buffer. Electrophoresis was performed at 65 V, after which the gel was stained with 
ethidium bromide. PCR products were visualized under UV light, and the band size was 
compared to the DNA ladder.  
 
 
3.2.4 Statistical Analysis 
The results were presented as mean ± standard error. Means were compared via the 




4.1 Optimization of the Concentrations of BA and ABA for Seedling Growth 
The growth of the seedlings in HS (experimental control) was as shown in Fig. 4.1. Signs 
of yellowing were observed in the leaves on 11 DAS. The cotyledons and the first true 
leaves appeared on 2 and 7 DAS, respectively.  
The effect of BA on the seedling growth was dose-dependent. Seedlings grown in 
0.01 µM BA were almost of the same height as in the control, with the leaves beginning 
to turn yellow on 11 DAS (Fig. 4.2 A). Seedlings grown in 1 µM BA were much shorter 
than the control seedlings (Fig. 4.2 B). Its leaves began to turn yellow on 11 DAS. For 
the seedlings sown in 0.01 µM BA and 1 µM BA, the cotyledons and first true leaves 
appeared on 2 and 7 DAS, respectively. The seedlings that were grown in 100 µM BA 
were the shortest and had thick and succulent stalks (Fig. 4.3). The cotyledons appeared 
on 2 DAS and were dark green and healthy. True leaves and browning of cotyledons 
were observed on 9 DAS.  
Similarly, seedlings grown in 0.01 µM ABA were almost of the same height as in 
the control, and the cotyledons and first true leaves appeared at the same time as the 
control (Fig. 4.4). Almost all the seeds sown in 1 µ  M ABA (Fig. 4.4) germinated, albeit 
at a slightly later stage than in the control: the cotyledons and first leaves appeared on 2½ 
DAS, and 9 DAS, respectively. Only 1-2 seeds (out of 200 seeds) sown in 10 µM ABA 
germinated on 5 DAS, while those sown in 100 µM ABA did not germinate at all.  
Thus, the effects of BA (0.01 µM, 1 µM and 100 µM) and ABA (0.01 µM and 1 
µM) on the height, fresh weight, and dry weight, concentrations of chlorophylls and 






















































































Fig. 4.3 Growth of B. chinensis var parachinensis seedlings in 100 µ M BA on 3 DAS (A) and 11 DAS (B) , as well as the appearance of the cotyledons 
and leaves on 11 DAS (C). Browning of the leaves was observed on 11 DAS.  
 



































4.2 Effects of BA and ABA on Seedlings 
 
4.2.1 Physical Parameters 
The height, fresh weight and dry weight of the seedlings grown in different 
concentrations of BA and ABA were recorded on 3, 5, 7, 9 and 11 DAS.  
 
4.2.1.1 Height of seedlings 
On 3 DAS, all seedlings were almost of the same height (Fig. 4.5). The difference in the 
plant height was more apparent from Day 5 onwards. The highest percentage increase in 
plant height occurred between 3 and 5 DAS for all treatments. A two-fold increase was 
observed in seedlings grown in HS, 0.01 µM BA, 0.01 µM ABA and 1 µM ABA from 
Day 3 to 5, and the growth of these seedlings stopped after Day 9. On the other hand, the 
height of seedlings grown in 1 µM BA and 100 µM BA increased by only 1.5 times from 
Day 3 to 5, and the growth stopped after Day 7.  
On all days of observation, seedlings grown in 100 µM BA were the shortest, 
followed by those grown in 1 µM BA. These seedlings were usually twice as short as the 
control seedlings. Seedlings grown in 1 µM ABA were slightly shorter than those grown 
in 0.01 µM BA and 0.01 µM ABA, which in turn were shorter than the control that 






































Fig. 4.5 Height of B. chinensis var parachinensis seedlings grown in HS (control), BA (0.01 µM, 1 µM, 
100 µM) and ABA (0.01 µM, 1 µM) (expressed in cm). Each datum point represents the mean ± 
standard error (n=4). Values with similar letters (denoted above each datum point) do not differ 
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4.2.1.2 Fresh weight, dry weight and water content 
The fresh weight (comprising of dry matter of plant material and water content) of the 
seedlings were as shown in Fig. 4.6. In general, the fresh weight of all the seedlings 
increased with plant age. The largest increase was observed between 3 and 5 DAS, where 
seedlings on 5 DAS weighed at least 1.5 times as much as those on 3 DAS.  
The gain in fresh weight of BA-grown seedlings appeared to be inversely related to 
BA concentration. Seedlings grown in 0.01 µM BA gained fresh weight throughout the 
experiment (Fig. 4.6 B), while the increase in fresh weight was arrested on 7 DAS and 5 
DAS, for seedlings grown in 1 µM BA and 100 µM BA, respectively (Fig. 4.6 D, F). The 
final weight of these seedlings were only about half of those of seedlings grown in 0.01 
µM BA and in control.  
On the other hand, ABA-induced inhibition of increases in seedling fresh weight 
was less apparent. Seedlings grown in the control and ABA attained the maximum fresh 
weight on 9 DAS (Fig. 4.6 A, C). The final fresh weight of ABA-grown seedlings was 
approximately 80% of that of the control, and seedlings grown in 1 µM ABA weighed 
slightly less than those grown in 0.01 µM ABA (Fig. 4.6 E).  
For all seedlings, the gain in fresh weight was due to an increase in water content, 
















































Fig. 4.6 Fresh weight, dry matter and water content of B. chinensis var parachinensis seedlings grown 
in HS (control, A), 0.01 µM BA (B), 0.01 µM ABA (C), 1 µM BA (D), 1 µM ABA (E) and 100 µM BA 
(F) (expressed in g). Each datum point represents the mean ± standard error (n=4). Values with 
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4.2.2 Concentrations of Chlorophylls and Carotenoids of Seedlings 
Generally, the concentrations of total chl, chl a, chl b and carotenoids of seedlings grown 
in BA were higher than those of the control, which were in turn higher than those of 
ABA-grown seedlings (Fig. 4.7). Total chl (Fig. 4.7 A), carotenoids (Fig. 4.7 B), chl a 
(Fig. 4.7 C) and chl b (Fig. 4.7 D) concentrations of seedlings grown in 0.01 µM BA 
were slightly higher than those of the control; they were highest on 3 DAS, and gradually 
reduced until 11 DAS. On 11 DAS, only the total chl and chl a concentrations were 
higher than those of the control, indicating that chl a was the main chl remaining in the 
cotyledons.  
The concentrations of total chl, chl a, chl b and carotenoids of 1 µM BA-grown 
seedlings were higher than those of the control on all days of observation, and also higher 
than those of seedlings grown in 0.01 µM BA on 5, 7 and 11 DAS (Fig. 4.7). Both the 
control and 1 µM BA-grown seedlings displayed a similar variation in the concentrations 
of these pigments, rising to a maximum on 5 DAS, before declining in the subsequent 
days. The levels of photosynthetic pigments of seedlings grown in 100 µM BA were 
consistently highest among all seedlings, on all days of observation. The levels of these 
pigments remained constant from 3 to 7 DAS, and their subsequent rate of decrease was 
the lowest compared to all other seedlings.  
Seedlings grown in 0.01 µM ABA had, surprisingly, greater amounts of 
photosynthetic pigments than the control. The levels, although not as high as those of 
BA-grown seedlings, exhibited a similar trend as those grown in 100 µM BA: they were 
maintained at an almost constant level between 3 and 7 DAS, and decreased after that 
(Fig. 4.7). The concentrations of the pigments in seedlings grown in 1 µM ABA, which 
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attained their highest values on 5 DAS, were the lowest among all the seedlings from 3 to 
7 DAS , and almost similar to those of the control on 9 and 11 DAS.  
In addition, no significant changes were observed in the ratios of total chl to 
carotenoids, and of chl a to chl b, for all seedlings throughout the experiment, except for 
































































































































































































Fig. 4.7 Concentration of total chlorophylls (chl) (A), carotenoids (B), chl a (C) and chl b (D) of B. chinensis 
var parachinensis seedlings grown in HS (control), BA (0.01 µM, 1 µM, 100 µM) and ABA (0.01 µM, 1 µM) 
(expressed in mg g-1 FW). Each datum point represents the mean ± standard error (n=4). Values with similar 


























































































































































Fig. 4.8 Ratio of total chl to carotenoids (A) and ratio of chl a to chl b (B) of B. chinensis var parachinensis 
seedlings grown in HS (control), BA (0.01 µM, 1 µM, 100 µM) and ABA (0.01 µM, 1 µM). Each datum point 
represents the mean ± standard error (n=4). No significant differences were observed according to Fisher’s 
LSD (p<0.05). 
 



















































4.2.3 Concentration of Soluble Phenolics 
In general, the concentration of soluble phenolics decreased rapidly from 3 to 11 DAS (Fig. 4.9 
A). On 3 DAS, the soluble phenolic content of all BA- and ABA-grown seedlings were almost 
similar, and significantly higher than that of the control. However, on 5 DAS, only seedlings 
grown in 1 µM and 100 µM BA had a higher level of soluble phenolics than the control. 
Eventually, on 11 DAS, only those seedlings grown in 100 µM BA showed a greater amount of 
phenolics than the control.  
The phenolic concentration of seedlings grown in 1 µM BA was generally higher than that 
of seedlings grown in 1 µM ABA (Fig. 4.9 A). Both sets of seedlings displayed the same trend: 
the phenolic level rapidly reduced from 3 DAS and remained constant on 7 and 9 DAS. On 11 
DAS, the concentration of the former was almost similar than that of the control, while that of the 
latter dropped to the lowest amongst all seedlings.  
A similar trend was observed in the variation of the concentration of phenolics of seedlings 
grown in 0.01 µM BA and 0.01 µM ABA (Fig. 4.9 A). Both contained approximately the same 
amount of phenolics, which were higher than all other seedlings on 3 DAS, which subsequently 
decreased rapidly to a low level, before stabilizing from 9 DAS onwards. 
 
 
4.2.4 Antioxidant Capacity 
The changes in the antioxidative profile during seedling growth and maturation were quite similar 
to the variation in phenolic concentration (Fig. 4.9 B). The maximum antioxidant capacity was 
observed on 3 DAS for all seedlings. Similar antioxidant capacities were observed in 3-day-old 
PGR-grown seedlings, which were higher than that in the control. A rapid decline was then 
observed as the seedlings grew.  
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The antioxidant capacity of the control remained constant from 5 DAS onwards (Fig. 4.9 B). 
The rate of decrease in antioxidant capacity of seedlings grown in 0.01 µM BA was the most 
rapid between 3 and 5 DAS, and its antioxidant capacity was the lowest amongst all seedlings on 
9 and 11 DAS. The antioxidant capacity profile of 1 µM BA-grown seedlings was most unusual, 
as it dipped to a low level on 7 DAS, before rising again on 9 and 11 DAS. Seedlings grown in 
100 µM BA displayed a higher antioxidant capacity than the control on most days, but was 
similar to the latter on 11 DAS.  
The antioxidant capacities of seedlings grown in ABA were higher than that of the control 
on 3 and 5 DAS (Fig. 4.9 B). On 7 DAS, the antioxidant capacity of 1 µM ABA-grown seedlings 
was slightly higher than the control, while that of 0.01 µM ABA was comparable to it. From 9 
DAS, the antioxidant capacities of the control and ABA-grown seedlings were not significantly 
different from one another. In general, the antioxidant capacities of ABA-grown seedlings were 
lower than that of BA-grown seedlings.  
 
 
4.2.5 Preliminary Conclusions 
From these observations, it was seen that 1 µM ABA induced expected changes, such as a lower 
production of chlorophylls and a corresponding increase in phenolic concentration and 
antioxidant capacity. Therefore, in order to further investigate ABA effects, this concentration 
was chosen. The results also clearly showed that the effects of BA depended on its dose. Thus, an 
equimolar concentration of BA was also selected to be applied to the seedlings, so as to compare 













































Fig. 4.9 Concentration of soluble phenolics (A) and antioxidant capacity, (B) of B. chinensis var parachinensis 
seedlings grown in HS (control). BA (0.01 µM, 1 µM, 100 µM) and ABA (0.01 µM, 1 µM) (expressed in mg AA 
g-1 FW). Each datum point represents the mean ± standard error (n=4). Values with similar letters (denoted 
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4.3 Further Studies of Effects of BA (1 µM) and ABA (1 µM) on Seedlings 
The effects of BA (1 µM) and ABA (1 µM) on chlorophyll fluorescence and concentration of 
soluble proteins were investigated. 
 
4.3.1 Chlorophyll Fluorescence 
The changes in chlorophyll fluorescence of cotyledons of seedlings grown in HS (control), 1 µM 
BA and 1 µM ABA were investigated on 3, 5, 7, 9 and 11 DAS, and the results were as shown in 
Fig. 4.10, 4.11 and Table 4.1.  
 
4.3.1.1 Effects on photochemical quenching (qP) and non-photochemical quenching (qNP) 
Fig. 4.10 showed the kinetics of qP obtained at each 1-min interval. The following trend was 
observed for all the seedlings on all days of observation. While the initial qP was low, it rapidly 
increased from the second minute onwards, and remained constant until the end of the experiment. 
The final flash of saturating light at the end of the experiment resulted in a minimal increase in 
qP. It was also observed that qP was the highest on 3 DAS for all seedlings, regardless of growth 
conditions, and that as the seedlings grew and matured, the qP decreased slightly.  
Moreover, between 3 and 9 DAS, qP values of seedlings grown in the control and ABA 
gradually decreased from approximately 0.9 units to 0.75 units, and on 11 DAS, qP rose 
unexpectedly to about 0.8 units. On the contrary, the decline in qP values of BA-grown seedlings 
occurred at a noticeably lower rate, as qP slowly decreased from 0.9 units on 3 DAS to 0.8 units 
on 11 DAS.  
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Kinetics in qNP as the experiment proceeded was recorded in Fig. 4.11. The expected 
inverse relation between qP and qNP was not observed here. Initial qNP for all seedlings on all 
days of observation was very low and reached a maximum at the second minute. For control-
grown seedlings, qNP on 3 and 5 DAS gradually decreased during the experiment. A similar 
trend was observed in ABA-grown seedlings between 3, 5 and 7 DAS. However, from 7 DAS, 
qNP of control seedlings decreased until the third and fourth minute, and it gradually increased 
again until the end of the experiment, which was also observed in ABA-grown seedlings on 9 and 
11 DAS. On the other hand, qNP of seedlings grown in 1 µM BA showed a gentle decline at all 
stages of growth.  
In addition, qNP values of seedlings grown in control and ABA steadily rose from 0.2 units 
on 3 DAS to 0.4 units on 9 DAS, while qNP of ABA-grown seedlings on 9 DAS rapidly 
increased to 0.45 units towards the end of the experiment. However, on 11 DAS, qNP decreased 
to 0.25 units and 0.35 units in control- and ABA-grown seedlings, respectively. In contrast, 
decreases in qNP values of BA-grown seedlings from 3 to 11 DAS was smaller when compared 

















































Fig. 4.10 qP of B. chinensis var parachinensis seedlings grown in HS (control, A), 1 µM BA (B) and 
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Fig. 4.11 qNP of B. chinensis var parachinensis seedlings grown in HS (control, A), 1 µM BA (B) 






































4.3.1.2 Ratios of Fv/Fm, Fm/Fo and Fv/Fo 
The ratio of Fv/Fm in the cotyledons of all seedlings, were consistently above 0.8, 
throughout the different stages of growth (Table 4.1 A). On the other hand, the trend of 
the change in ratios of Fm/Fo and Fv/Fo were similar (Table 4.1 B, C). Both ratios were 
lowest in BA-grown seedlings, followed by ABA-grown seedlings and the control, 
between 3 to 7 DAS. On 9 DAS, Fm/Fo and Fv/Fo were the lowest in the control and 
highest in ABA-grown seedlings, and on 11 DAS, those of the control were slightly 
lower than those of BA- and ABA-grown seedlings. It was also observed that these ratios 
peaked on 5 DAS, and on 7 DAS, in the control and PGR-grown seedlings, respectively, 
and that the minimum ratio for each set of seedlings was attained on 9 DAS.  
 
4.3.1.3 ΦPS2R and NPQ 
As the seedlings grew, ΦPS2R decreased gradually until 9 DAS and it increased slightly 
on 11 DAS. Between 3 and 7 DAS, the lowest value of ΦPS2R was found in BA-grown 
seedlings, while that of ABA was slightly lower than the control on 3 and 5 DAS, and 
was almost similar to the control on 7 DAS (Table 4.1 D). In the subsequent days, the 
value of ΦPS2R was lowest in ABA-grown seedlings. The value of ΦPS2R in the control 
was almost similar to that of ABA-grown seedlings on 9 DAS, but was higher than it on 
11 DAS, and was almost similar to BA-grown seedlings.  
An inverse relation between ΦPS2R and NPQ was observed. For instance, NPQ 
was highest in BA-grown seedlings on 3, 5 and 7 DAS. The maximum value of NPQ was 
attained on 9 DAS, when ΦPS2R was at a minimum, for all seedlings (Table 4.1E).  
 63 
Table 4.1 Values of Fv/Fm (A), Fm/Fo (B), Fm/Fo (C), ΦPS2R (D) and NPQ (E) of B. chinensis var 
parachinensis seedlings grown in HS (control), 1 µM BA and 1 µM ABA. Values are represented as 
mean ± standard error (n=4). Values with similar letters (denoted as subscripts) do not diffFer 
significantly according to Fisher’s LSD (p<0.05). 
 
Fv/Fm           Control  BA             ABA 
3 0.842 ± 0.005 cd 0.826 ± 0.007 ab 0.838 ± 0.001 abc 
5 0.863 ± 0.002 e 0.844 ± 0.003 cd 0.857 ± 0.004 de 
7 0.857 ± 0.003 de 0.850 ± 0.006 cde 0.857 ± 0.003 de 
9 0.824 ± 0.011 a 0.840 ± 0.006 bc 0.846 ± 0.005 cd 
11 0.845 ± 0.005 cd 0.850 ± 0.006 cde 0.848 ± 0.007 cde 
 
 
Fm/Fo           Control            BA             ABA 
3 6.348 ± 0.193 ab 5.769 ± 0.232 a 6.191 ± 0.019 ab 
5 7.295 ± 0.101 e 6.406 ± 0.140 bc 6.999 ± 0.192 cde 
7 7.003 ± 0.177 de 6.679 ± 0.245 bcd 7.023 ± 0.158 de 
9 5.763 ± 0.365 a 6.283 ± 0.211 ab 6.502 ± 0.203 bcd 
11 6.464 ± 0.181 bcd 6.680 ± 0.250 bcd 6.635 ± 0.292 bcd 
 
Fv/Fo           Control  BA             ABA 
3 5.348 ± 0.193 ab 4.769 ± 0.232 a 5.191 ± 0.019 ab 
5 6.295 ± 0.101 e 5.406 ± 0.140 bc 5.999 ± 0.192 cde 
7 6.003 ± 0.177 de 5.679 ± 0.245 bcd 6.023 ± 0.158 de 
9 4.763 ± 0.365 a 5.283 ± 0.211 ab 5.502 ± 0.203 bcd 
11 5.464 ± 0.181 bcd 5.680 ± 0.250 bcd 5.635 ± 0.292 bcd 
 
ΦPS2R           Control  BA             ABA 
3 0.722 ± 0.005 g 0.709 ± 0.013 efg 0.715 ± 0.007 fg 
5 0.661 ± 0.005 bcde 0.691 ± 0.011 defg 0.682 ± 0.017 cdefg 
7 0.638 ± 0.008 bc 0.661 ± 0.014 bcde 0.670 ± 0.008 bcdef 
9 0.569 ± 0.028 a 0.653 ± 0.013 bcd 0.563 ± 0.039 a 
11 0.658 ± 0.017 bcd 0.667 ± 0.019 bcdef 0.630 ± 0.020 b 
 
NPQ           Control  BA             ABA 
3 0.149 ± 0.006 a 0.181 ± 0.019 ab 0.190 ± 0.010 abc 
5 0.292 ± 0.009 d 0.189 ± 0.015 abc 0.271 ± 0.042 bcd 
7 0.457 ± 0.028 e 0.260 ± 0.035 bcd 0.296 ± 0.037 d 
9 0.439 ± 0.019 e 0.261 ± 0.052 bcd 0.652 ± 0.015 f 








4.3.2 Water Soluble Protein Concentration 
The concentration of soluble proteins of seedlings grown in HS, 1 µM BA and 1 µM 
ABA was also determined (Fig. 4.12). The soluble protein concentration was highest on 3 
DAS for all seedlings. It decreased rapidly in the following days. On 3 DAS, seedlings 
grown in 1 µM BA had almost 1.5 times more soluble proteins than those grown in 
control and 1 µM ABA.  
 
 
4.3.3 Preliminary Conclusions 
ABA has been shown to stimulate SOD activity in several plant species (Bueno et al, 
1998; Hung and Kao, 2003; Jiang and Zhang, 2001). Furthermore, it was also possible 
that ABA, through activation of ROS production, might confer tolerance to the plants in 
events of abiotic stress such as high temperature. In addition, more distinct changes in qP, 
qNP and NPQ were observed in ABA-grown caixin seedlings than in BA-grown caixin 
seedlings at all stages of growth. Therefore, in order to determine if ABA would confer 
heat tolerance to caixin seedlings, an acute heat stress was applied to seedlings grown in 
HS and 1 µM ABA. Chlorophyll fluorescence was used to estimate the extent of heat 
damage to the photosynthetic apparatus. Seedlings on 7 DAS were chosen for this 
experiment, as they exhibited the highest values of Fv/Fm (Table 4.1), and their 

































Fig. 4.12 Concentration of total soluble proteins of B. chinensis var parachinensis seedlings grown in 
HS (control), 1 µM BA and 1 µM ABA (expressed in mg BSA g-1 FW). Each datum point represents 
the mean ± standard error (n=4). Values with similar letters (denoted above each datum point) do 
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4.4 Optimization of Heat Stress Treatment 
Seedlings on 7 DAS grown in HS and 1 µM ABA were subjected to a heat stress of 45 ºC 
for different incubation periods (10, 12, 15 and 20 minutes), at the end of which the 
Fv/Fm ratio was determined, and compared to those of seedlings that were non-heat-
stressed (Table 4.2). No significant changes were observed between the latter and 
seedlings that were heat-stressed for 10 and 12 min. Fm/Fv reduced significantly in 
seedlings heat-stressed for 15 and 20 minutes. However, negative values of qNP were 
obtained for the latter, indicating that the photosynthetic apparatus were damaged by the 
longer period of heat treatment. As positive qNP values were obtained for seedlings 




Table 4.2 Effects of different periods of heat treatment (45 ºC) on Fv/Fm 
and qNP of B. chinensis var parachinensis seedlings grown in HS (control). 
(n=3).  
Length of heat treatment Fv/Fm qNP 
0 min 0.857 0.408 
10 min 0.847 0.522 
12 min 0.815 0.526 
15 min 0.736 0.529 





4.4.1 Chlorophyll Fluorescence of Heat Stressed Seedlings 
The changes in chlorophyll fluorescence of cotyledons of non-heat-stressed seedlings 
(HS and 1 µM ABA) and heat-treated seedlings (HS, 1 µM ABA; 45 ºC, 15 min) were 
determined and as shown in Fig. 4.13 and Table 4.3. The application of a heat stress did 
not result in any changes to the kinetics of qP (Fig. 4.13 A). qP was initially very low, 
rapidly increased during the second and third minutes, and remained stable throughout 
the experiment, and slightly increased at the end.  
On the other hand, heat stress application led to significant changes to qNP (Fig. 
4.13 B). As seen in Section 4.3.1.1, qNP of non-heat-stressed seedlings grown in HS 
increased sharply within the first 2 minutes, before declining to a lower value, and 
steadily rose until the end of the experiment. When these seedlings were heat stressed, 
qNP was almost 1.5 times higher and exhibited a slow rate of decrease. This was also 
observed for ABA-grown seedlings (non-heat-stressed and heat-stressed). Although there 
was an increase in qNP of heat-stressed ABA-grown seedlings, compared to non-heat-
stressed ABA-grown seedlings, this was smaller than that observed for seedlings grown 
in HS, suggesting that ABA protected the photosynthetic apparatus from heat damage.  
The ratios of Fv/Fm, Fm/Fo and Fv/Fo were similar in all the non-heat-stressed 
seedlings grown in control and ABA (Table 4.3). The smaller decreases of these ratios in 
heat-stressed ABA-grown seedlings, compared to heat-stressed HS-grown seedlings, 
indicated that ABA protected the seedlings from heat stress. Yet, ABA did not seem to 
protect against heat-induced reductions in ΦPSII, as ΦPSII of heat-stressed seedlings was 
lower than that of non-heat-stressed seedlings, in both growth conditions. NPQ values in 











































Fig. 4.13 Effects of heat stress (45 ºC, 15 min) on qP (A) and qNP (B) of B. chinensis var 
parachinensis seedlings grown in HS (control) and 1 µM ABA. Each datum point represents the 
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Table 4.3 Effects of heat stress (45 ºC, 15 min) on Fv/Fm, Fm/Fo, Fv/Fo, ΦPS2R and NPQ of B. 
chinensis var parachinensis seedlings grown in HS (control) and 1 µM ABA. Values are represented 
as mean ± standard error (n=4). Values with similar letters (denoted as subscripts) do not differ 
significantly according to Fisher’s LSD (p<0.05). hs: heat-stressed. 
 Control Control (hs) 1 µM ABA 1 µM ABA (hs) 
Fv/Fm 0.857 ± 0.003 c 0.736 ± 0.0155 a 0.857 ± 0.003 c 0.781 ± 0.0162 b 
Fm/Fo 7.003 ± 0.177 c 3.844 ± 0.2387 a 7.023 ± 0.158 c 4.633 ± 0.3079 b 
Fv/Fo 6.003 ± 0.177 c 2.844 ± 0.2387 a 6.023 ± 0.158 c 3.633 ± 0.3079 b 
ΦPS2R 0.638 ± 0.008 b 0.485 ± 0.0319 a 0.670 ± 0.008 b 0.552 ± 0.0218 a 




4.4.2 Chlorophyll and Carotenoid Concentration in Heat-Stressed Seedlings 
The concentrations of chlorophylls (total chl, chl a, chl b) and carotenoids were 
determined. For both seedlings grown in control and 1 µM ABA, there were no 
significant differences between the non-heat-stressed and the heat-stressed seedlings (Fig. 
4.14). The levels of pigments in heat-stressed seedlings grown in control and 1 µM ABA 
did not vary significantly.  
 
 
4.4.3 Soluble Phenolic Concentration and Antioxidant Capacity 
The concentration of soluble phenolics and antioxidant capacity of seedlings grown in the 
control and 1 µM ABA were measured before and after heat application, as shown in Fig. 




                                             
Fig. 4.14 Effects of heat stress (45 ºC, 15 min) on the concentration of total chlorophyll (chl) (A), carotenoids (B), chl a (C), chl b (D), ratio of total 
chl:carotenoids (E) and ratio of chl a:b (F) of B. chinensis var parachinensis seedlings grown in HS (control) and 1 µM ABA (expressed in mg g-1 FW 
where applicable). Each datum point represents the mean ± standard error (n=4). Values with similar letters (denoted above each datum point) do 




































































































































































































































































Fig. 4.15 Effects of heat stress (45 ºC, 15 min) on the concentration of soluble phenolics (A) and 
antioxidant capacity (B) of B. chinensis var parachinensis seedlings grown in HS (control) and 1 µM 
ABA (expressed in mg AA g-1 FW). Each datum point represents the mean ± standard error (n=4). 
Values with similar letters (denoted above each datum point) do not differ significantly according to 






















































4.4.4 SOD Activity 
SOD activity of non-heat-stressed and heat-stressed seedlings was visualized on the 
protein gel by the enzyme staining method. Two activity bands were detected in the gel 
that was not soaked in the presence of any inhibitor (Fig 4.16 A). The thicker band 
appeared nearer to the well, and the thinner band traveled further.  
The application of 20 mM DDC resulted in the inhibition of the thin band, as 
indicated by its absence in Fig. 4.16 B. As DDC is a copper chelator and would thus only 
inactivate the Cu/ZnSOD isoform (Iqwal and Whitney, 1991), this implied that the 
Cu/ZnSOD isoform was localized at the position of the thin band.  
When the gel was immersed in 5 mM H2O2, the thin band was not observed, and the 
intensity of the thick band was reduced (Fig. 4.16 C). Since only MnSOD is able to retain 
its activity in H2O2 (Donnelly et al, 1989), this indicated that the band observed in Fig. 
4.16 C was the MnSOD isoform, and reconfirmed that the thin band was the Cu/ZnSOD 
isoform. Also, as both FeSOD and MnSOD have the same molecular weight, it was likely 
that these two isoforms co-migrate on the protein gel and were found in the thick band. 
As H2O2 inhibits FeSOD, a reduced brightness in the thick band was observed. Thus, all 




                      
A B C 
Fig 4.16 Visualization of SOD activity after electrophoretic separation of the crude extract in a native PAGE gel. The activity of SOD is indicated 
by the presence of achromatic bands (arrowed). The gels were immersed in absence of SOD inhibitors (A, total SOD activity), or immersed in one 
of the following inhibitors: 20 mM DDC (B, MnSOD and FeSOD activity) or 5 mM H2O2 (C, MnSOD activity). The experiment was repeated at 
least four times and similar results were obtained. 
Lane 1: control; Lane 2: control (heat-stressed); Lane 3: 1 µM ABA; Lane 4: 1 µM ABA (heat-stressed).  
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On the other hand, preliminary attempts to quantify the level of each SOD isoform 
by using a spectrometric method, as stated under Section 3.2.3.2, were unsuccessful. It 
was expected that SOD activity was highest in the untreated sample (total SOD), 
followed by that in the DDC-treated (MnSOD and FeSOD), and lowest in the H2O2-
treated sample (MnSOD). However, SOD activity in the DDC-treated sample was not 
conclusively lower than that of the untreated sample. In addition, the activity of the H2O2-
treated sample was higher than that of the untreated control. This was likely due to 
peroxidase, which exhibited SOD-like activity in the presence of excess H2O2 (Yu et al., 




Table 4.4 SOD activities of B. chinensis var parachinensis seedlings grown in HS (control), expressed 
as percentage inhibition of formazan formation. Formazan, a dark blue compound, formed when 
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4.4.5 Gradient PCR 
The optimum temperature, at which the brightest bands were observed without formation 
of primer-dimer, for each set of primers was: β-tubulin, 56.4 ºC; Cu/ZnSOD, 59.3 ºC; 
MnSOD, FeSOD, 60.0 ºC and HSP90, 59.7 ºC (Fig. 4.17). 
 
4.4.6 Gene Expression of SOD enzymes and Heat Shock Protein 90 (HSP90) 
The expression level of Cu/ZnSOD, MnSOD, FeSOD and HSP90 genes was qualitatively 
compared by the equal loading of a house-keeping gene β-tubulin (Fig. 4.18). Cu/ZnSOD 
was more expressed in non-heat-stressed seedlings grown in 1 µM ABA, than in those 
grown in the control (Fig. 4.18 B). The application of heat stress increased Cu/ZnSOD 
gene expression greatly in seedlings grown in control, and only slightly in seedlings 
grown in 1 µM ABA, indicating that Cu/ZnSOD gene expression depended on both 
growth conditions and the application of a heat stress. 
An increase in MnSOD gene expression, arising from heat treatment, was observed 
only in seedlings grown in control (Fig. 4.18 C). MnSOD gene expression in ABA-grown 
seedlings was not affected by the heat treatment, and was at a higher level compared to 
non-heat-stressed seedlings grown in control. The presence of ABA (for both non-heat-
stressed and heat-stressed seedlings) in the growth medium appeared to inhibit the 
expression of FeSOD (Lanes 3 and 4, Fig. 4.18 D). On the other hand, non-heat-stressed 
seedlings, regardless of growth conditions, demonstrated a comparable expression level 
of HSP90 (Fig. 4.18 E). The application of a heat treatment led to a similar increase in 
HSP90 gene expression for both seedlings. This suggested that expression of this gene 




































Fig. 4.17 Gradient PCR of β-tubulin (A), Cu/ZnSOD (B), MnSOD (C), FeSOD (D) and HSP90 (E) of 
B. chinensis var parachinensis seedlings grown in HS (control). The temperatures at which annealing 
was carried out were as follows, from lanes 1 to 6: 55.0, 56.4, 57.2, 58.0, 59.3, 60 ºC for β-tubulin, 
MnSOD and FeSOD; 55.0, 55.9, 57.0, 58.3, 59.3, 59.9 ºC for Cu/ZnSOD and HSP90. Temperatures at 
which primers-dimer (dimerisation of forward and reverse primers) occurred (arrowed) were not 














































Fig 4.18 Effects of heat stress (45 ºC, 15 min) on the level of expression of Cu/ZnSOD (B), MnSOD 
(C), FeSOD (D) and HSP90 (E) in B. chinensis var parachinensis seedlings grown in HS (control) and 
1 µM ABA. Equal loading of a house-keeping gene β-tubulin was performed (A). Lane 1: control; 











5.1 Effects of BA 
The plant growth regulator, 6-benzylaminopurine (or 6-benzyladenine, BA), a synthetic, 
stable and highly active compound (Selivankina et al., 2001), is an example of a 
cytokinin. Cytokinins refer to a class of N6-substituted adenine derivatives which 
generally contain an isoprenoid derivative side chain and participate in various plant 
physiological processes, including seed germination, chloroplast differentiation, leaf 
senescence, apical dominance, and defence against pathogens (Haberer and Kieber, 2002). 
Other examples of cytokinins include kinetin and trans-zeatin (Bråthe et al., 2002). 
The dosage dependence effect of BA was clearly demonstrated in this experiment. 
As the concentration of BA in which the caixin seedlings were grown increased, the 
stouter were the seedlings. This was due to the inhibitory effect of BA on hypocotyl 
elongation, a phenomenon that was well documented in Arabidopsis seedlings grown in 
nutrient media supplemented with BA (Chory et al., 1994; Su and Howell, 1995).   
Other morphological differences of BA-grown seedlings were also observed in 
other plant species. A similar increase in stem diameter as that for caixin seedlings was 
observed for micro-cuttings of stem mustard (B. juncea var tsatsai) grown in BA of 
various concentrations (1 – 5 mg L-1) (Guo et al., 1994), as well as in chick pea (Cicer 
arietinum) seedlings grown in 100 µM of different cytokinins (zeatin, zeatin riboside, 
dihydrozeatin riboside, isopentyl adenine, isopentyl adenosine) (Gallego et al., 1991). 
These cytokinin-treated chick pea seedlings also exhibited shorter plant height and lower 
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fresh weight (Gallego et al., 1991), which were similarly observed in the BA-grown 
caixin seedlings in the present study.  
Nevertheless, while cytokinins could promote cotyledon expansion and cotyledon 
opening in Arabidopsis (Chory et al., 1994), this was not observed in the present 
experiment, as the cotyledons of caixin seedlings grown in 1 µM BA and 100 µM BA 
were smaller in size than those grown in HS (control) and ABA. Despite a slight size 
reduction, these cotyledons were not malformed, in contrast to the occurrence of 
malformed leaves of transgenic tobacco due to its overexpression of cytokinins (Pogány 
et al., 2004). 
Plant senescence can be caused by both environmental and internal factors, such as 
nutrient unavailability and plant age (Gan and Amasino, 1997). It may also be triggered 
by declining photosynthetic rates (Hensel et al., 1993; King et al., 1995). The process of 
senescence and its effects in various plant systems have been well-studied. One of its 
effects includes the rise in ROS levels, which could be caused by an increased ROS 
production and a reduced antioxidant capacity (Pogány et al., 2004; Srivalli and Khanna-
Chopra, 2004). Deleterious effects of excess ROS in senescing tissues are thus 
manifested, such as an accumulation of H2O2 and an increase in lipid peroxidation in rice 
leaves (Hung and Kao, 2004) and in tobacco (Pogány et al., 2004). Senescence can also 
result in the degradation of major molecules such as proteins in rice (Hung and Kao, 2004; 
Kao et al., 1980) and peanuts (Arachis hyopogea) (Prakash et al., 1990), and chlorophylls 
in peanuts (Prakash et al., 1990), canola (B. napus) (Ghosha et al., 2001) and wheat 
leaves (Lu et al., 2002). 
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Indeed, the prominent yellowing of leaves due to chlorophyll breakdown is often so 
distinctive that it is a common indicator of senescence (Nooden et al., 1997). In fact, 
chlorophyll degradation has been described as a “biological enigma” (Hendry et al., 
1989), and it was only as late as 1991 when Kräutler et al. provided the first major 
breakthrough by successfully elucidating the structure of a final chlorophyll breakdown 
product, a nonfluorescent chlorophyll catabolite (NCC).  
The process of chlorophyll degradation involves several enzymes. Chlorophyll is 
first converted to chlorophyllide (Chlide) and phytol by chlorophyllase (CLH). The 
ensuing removal of Mg2+ from Chlide, brought about by a metal chelating substance 
(MCS), resulted in the formation of pheophorbide (Pheide) a. This is subsequently 
broken down by Pheide a oxygenase (PAO) and red chlorophyll catabolite reductase 
(RCCR) in a two-step reaction to a colourless blue-fluorescing intermediate (pFCC). 
pFCC will then be subjected to a few modifications before it is finally stored in the 
vacuole as NCCs (Horstensteiner, 2006). 
However, the regulation process of chlorophyll degradation remains unknown, due 
to an incomplete understanding on how the cell controls the expression and activity of 
chlorophyll catabolic enzymes. Thus far, demonstration of senescence specific activity 
was observed only in PAO (Horstensteiner et al., 1995; Pružinská et al., 2003; Vicentini 
et al., 1995) but not in RCCR (Mach et al., 2001; Pružinská et al., 2005; Wuthrich et al., 
2000), whereas only a few CLH genes are affected by plant growth regulators that 
promote senescence, such as ethylene (Jakob-Wilk et al., 1999) and methyl jasmonate 
(Tsuchiya et al., 1999). These observations, coupled with the rapid chlorophyll turnover 
at steady state (Thomas, 1997), highlight the need to identify factors and/or pathways 
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which allow the cell to disrupt steady state chlorophyll turnover and enter into the mode 
of massive chlorophyll degradation observed during senescence.   
Many works have shown that the process of senescence can be delayed by the 
application of cytokinins. A decrease in endogenous levels of cytokinins was observed 
during the natural senescence in maize leaves (He et al., 2005). In addition, transgenic 
plants (such as Arabidopsis, broccoli, maize and tobacco) that express a bacterial 
cytokinin biosynthesis gene, isopentenyl transferase (IPT), exhibited a delay of leaf 
senescence (Gan and Amasino, 1995, 1996; Li et al., 2004; Smart et al., 1995). The most 
convincing evidence for the rejuvenating effects of BA was perhaps the observed reversal 
of leaf senescence in N. rustica upon the exogenous application of BA (Zavaleta-
Mancera et al., 1999a, b).  
The results obtained in the present study showed that BA effectively reversed the 
effects of senescence. Firstly, the concentrations of chlorophylls a and b and total 
chlorophylls were consistently higher in caixin seedlings grown in BA, than those grown 
in the control and ABA. Increased chlorophyll production was also observed in 
cotyledons of mustard (Saroop et al., 1994) treated with BA. Applications of BA were 
also shown to stimulate production of the light-harvesting chloroplast proteins in 
Arabidopsis (Chory et al., 1994). Moreover, it was reported that three days after BA was 
applied to the leaves of 14-day-old French bean seedlings, the combined levels of 
chlorophylls a and b of these treated leaves exceeded that of the untreated control 
(Rulcová and Pospíšilová, 2001), thus demonstrating that BA inhibited senescence. In 
addition, the incubation of mature wheat leaves in 100 µM BA for 6 days in the dark 
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resulted in a higher retention of chlorophylls, when compared to leaves that were 
immersed in water only (Zavaleta-Mancera et al., 2007). 
It appears that cytokinin treatment increases the chlorophyll level in two different 
ways. In N. rustica, the exogenous application of BA resulted in the reappearance of the 
chlorophyll biosynthesis enzyme, NADPH:protochlorophyllide oxidoreductase (POR), 
and the biosynthesis of new chlorophylls, which thus reversed leaf senescence (Zavaleta-
Mancera et al., 1999a). This was in contrary to the observation that cytokinins reduced 
the activities of enzymes involved in chlorophyll degradation, such as CLH and MCS, in 
broccoli florets, and thereby led to chlorophyll retention (Costa et al., 2005). The levels 
and activities of these enzymes, namely POR, CLH and MCS, could perhaps be 
determined in order to evaluate the cause of higher chlorophyll level in BA-grown caixin 
seedlings. 
The ratio of chlorophyll a to chlorophyll b provides an indication of the relative 
degradation rates of chlorophylls a and b (Špundová et al., 2003), as well as the relative 
stability of the reaction centers and light-harvesting chlorophyll-proteins (LHCP) (Biswal, 
1995; Špundová et al., 2003). A reduced ratio suggests that there is a preferential break-
down of complexes containing chl a (Špundová et al., 2003), but an increased ratio 
implies a lower stability of LHCP (Biswal, 1995). In the present experiment, the ratio of 
chlorophyll a to chlorophyll b remained stable during senescence. Similar results were 
also observed for barley leaves (Špundová et al., 2003) and maize leaves (Lu and Zhang, 
1998b). The chl a:b ratio was observed to increase in white clover (Trifolium repens) 
(Yoo et al., 2003) and decreased in oat (Avena sativam) (Young et al., 1991) and wheat 
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(Lu and Zhang, 1998a). The ratio of chl a: b might also vary, as observed during the 
ontogeny of darnel (Lolium temulentum) (Gay and Thomas, 1995).  
On 11 DAS, the leaves of all caixin seedlings were observed to be less green, only 
a few leaves were observed to be yellow. Only leaves that were uniformly green were 
assayed. This hence explained why the ratio of total chlorophylls to carotenoids did not 
decrease, but remained fairly constant, hence indicating that in caixin seedlings, the ratio 
of total chlorophylls to carotenoids was not significantly different as they matured and 
aged. Similar observations were obtained for other plants such as barley (Matile and 
Martinoia, 1982), ferns (Biswal et al., 1983), and tobacco (Kato and Shimizu, 1987; 
Whitfield and Rowan, 1974).  
The anti-senescence effect of BA was also demonstrated in the higher antioxidant 
values of BA-grown caixin seedlings, when compared to those of seedlings grown in the 
control and ABA. This reflected a delay in the decline of the antioxidant capacity in 
senescing tissues treated with BA. The corresponding total soluble phenolic 
concentration and carotenoid concentration were also higher in BA-grown caixin 
seedlings. It was hence possible that the increased antioxidant capacity of these seedlings 
was due to a rise in the levels of phenolics and carotenoids, which are able to quench 
ROS as seen earlier, in Section 2.2.2.  
The increased antioxidant capacity of BA-grown seedlings observed in the present 
study was consistent with previous reports. For instance, activities of catalase and 
ascorbate peroxidase in BA-treated wheat leaves were not reduced during senescence, 
whereas that of its control was significantly reduced (Zavaleta-Mancera et al., 2007). 
Pogány et al. (2004) also reported increased activities of enzymatic antioxidants, such as 
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ascorbate peroxidase, glutathione S-transferase and catalase, in transgenic tobacco 
(modified to overproduce cytokinins) that was infected with Tobacco necrosis virus 
(TNV), compared to the genetically unmodified control. Moreover, the lower level of 
H2O2 of transgenic tobacco (Pogány et al., 2004) and BA-treated wheat leaves (Zavaleta-
Mancera et al., 2007) also indicated the ability of cytokinins to reduce H2O2 levels that 
would otherwise promote oxidative damage and senescence (Hossain et al., 2006; Hung 
and Kao, 2004; Vanacker et al., 2006). Additionally, cytokinins are able to delay 
senescence by enhancing xanthophyll levels, which serve to prevent an overexcitation of 
the photosynthetic apparatus and retard the onset of oxidative damage in wheat (Vlčková 
et al., 2006). The increase in carotenoid level brought about by cytokinin treatment also 
exerts a protective effect on the reaction centers in photosystems against the damaging 
effects of light and oxygen (Chernyad’ev, 2000).  
As mentioned in Section 2.1.3.2, excess light absorption by the chloroplasts results 
in an over-reduction of its ETC and thereby leads to PSII inactivation and photoinhibition 
(Ort and Baker, 2002). Therefore, it is vital for plants to be able to dissipate the excess 
light energy that is absorbed (Holt et al., 2004; Jung, 2004; Ruban and Holden, 1995), 
and this is achieved in the following three ways. The first process is known as 
photochemical quenching, which is exclusively associated with the photochemical charge 
separation in the PSII reaction centre (Holt et al., 2004) and used to drive photosynthesis 
(Maxwell and Johnson, 2000). Light that is in excess to that necessary to drive the 
photosynthetic ETC (whose capacity is limited by the rate of CO2 assimilation) (Ruban 
and Holden, 1995) is dissipated as heat, in a process known as non-photochemical 
quenching (NPQ). Thirdly, a small percentage (2%) of absorbed light is re-emitted as red 
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light, which is of a longer wavelength than that absorbed, in a process named chlorophyll 
fluorescence (Maxwell and Johnson, 2000).  
Since chlorophyll fluorescence can be easily measured, and that its yield is affected 
by changes in the other two processes as they occur in competition (Maxwell and 
Johnson, 2000), the determination of chlorophyll fluorescence has become the most 
common physical parameter used for the study of photosynthetic function (Holt et al., 
2004) and PSII behaviour (Liu et al., 2006b). Various chlorophyll fluorescence 
parameters measured include photochemical quenching, qP; non-photochemical 
quenching, qN and NPQ; maximum photochemical efficiency of PSII, Fv/Fm; and 
efficiency of PSII, ΦPSII.  
Changes to the above-mentioned chlorophyll fluorescence parameters have been 
demonstrated during leaf senescence (Yoo et al., 2003). Senescence also induces a 
significant reduction in photosynthetic capacity, which is directly caused by Rubisco loss 
(Crafts-Brandner et al., 1990; Grover, 1993). Secondary causes include a loss of 
thylakoid proteins in the later senescence stage (Mae et al., 993; Okada et al., 1992) and a 
reduction in photosynthetic pigments (Jung, 2004). This raises substantially the level of 
excitation energy in senescent leaves, which unless dissipated rapidly non-
photochemically, would lead to photodamage and photoinhibition. 
It is therefore not surprising to find that as senescence progresses, NPQ increases 
while ΦPSII decreases. This was observed in the present study, where ΦPSII of caixin 
seedlings grown in the control condition gradually reduced, and the corresponding NPQ 
value rose as they aged. In the present study, it was also shown that qP remained fairly 
constant throughout and the value of Fv/Fm was consistently above 0.8. The latter 
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observation was consistent with the optimal Fv/Fm value of 0.83 reported for most plant 
species (Björkman and Demmig, 1987; Johnson et al., 1993). According to Maxwell and 
Johnson (2000), Fv/Fm provides an indication of the maximum efficiency of PSII that 
could possibly be attained if all its reaction centers were oxidized (“open”). On the other 
hand, qP refers to the proportion of PSII reaction centers that are open (Maxwell and 
Johnson, 2000) and therefore able to accept an electron. The constant values of Fv/Fm 
and qP obtained were indicative of the intact functioning of photosynthetic apparatus and 
process of photochemistry in PSII (Lu et al., 2003), and were thus not responsible for the 
decrease in ΦPSII (Yoo et al., 2003).  
In fact, according to Yoo et al. (2003), under such circumstances, the decline in 
ΦPSII was then caused by an increase in NPQ. This should not be surprising, as ΦPSII 
refers to the proportion of absorbed energy that is channeled to fuel photochemistry and 
thus represents the efficiency that is actually achieved (Maxwell and Johnson, 2000), in 
contrast to Fv/Fm which measures the maximum possible efficiency. An increase in NPQ 
was found to be intimately related to the onset of de-epoxidation of violaxanthin (Jung, 
2004; Lu et al., 2003; Yoo et al., 2003) to form antheraxanthin and zeaxanthin in the 
xanthophyll cycle (Demmig-Adams and Adams, 1992; Gilmore, 1997; Horton et al., 
1996). Zeaxanthin, and quite possibly antheraxanthin, has been reported to dissipate 
excess energy in light-harvesting complexes to heat (Demmig-Adams and Adams, 1992; 
Gilmore and Yamamoto, 1993) and enhance energy conversion (Demmig-Adams and 
Adams, 1996; Demmig-Adams et al., 1996), hence suggesting a photoprotective role.   
Similar decreases in ΦPSII were also reported during the natural senescence of 
maize (Lu and Zhang, 1998b), wheat (Lu and Zhang, 1998a; Lu et al., 2003) and white 
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clover (Yoo et al., 2003). Species in which constant Fv/Fm values with increasing NPQ 
during senescence were observed include maize (Lu and Zhang, 1998b) and wheat (Lu et 
al., 1998a; Yoo et al., 2003). Constant qP values during senescence was also observed in 
white clover (Yoo et al., 2003).  
In the present study, it was also observed that qNP of caixin seedlings grown in 1 
µM BA did not declined as rapidly as that of seedlings grown in the control and 1 µM 
ABA. This was probably due to the photoprotective effect exerted by cytokinins, as it has 
been shown that cytokinins delay the decline in activity and level of Rubisco (Abdelghani 
et al., 1991; Chernyad’ev and Monakhova, 2003; Weidhase et al., 1987) and boost de 
novo production of Rubisco (Kusnetsov et al., 1994: Lerbs et al., 1984). In contrast to 
other caixin seedlings, the photosynthetic capacity of these BA-grown caixin seedlings 
was thus preserved, which thereby helped in the photochemical dissipation of excess 
energy.  
Despite the fact that the effects of cytokinins on senescence are well-known, the 
mechanism by which they induce the above mentioned changes are still relatively 
unknown (Vlčková et al., 2006). Until recently, the knowledge about cytokinin signalling 
was very limited: a few examples of cytokinin-related changes in protein or transcript 
level were known, and several cytokinin binding proteins were identified, but the binding 
process was not well understood (Heyl and Schmülling, 2003) 
The elucidation of cytokinin signalling only started during the last decade, with the 
identification of the first receptor histidine kinase gene (CKI1) in Arabidopsis (Kakimoto, 
1996), whose over-expression induced typical cytokinin responses. The first cytokinin 
receptor was finally identified in 2001 (Inoue et al., 2001; Suzuki et al., 2001; Ueguchi et 
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al., 2001). It is now accepted that cytokinin signalling occurs via a multi-step 
phosphorelay system, which is similar to the two-component signal transduction 
pathways found in bacteria and yeasts, and is composed of sensor kinases, histidine 
phosphotransfer proteins and response regulators (Ferreira and Kieber, 2005; Heyl and 
Schmülling, 2003). Nonetheless, this is only the tip of the iceberg, as many questions, 
such as the interaction between the different members of the signalling cascade, remain 
unanswered (Ferreira and Kieber, 2005).  
In addition, the identification of genes whose expression are regulated by the onset 
of senescence will also help to further the understanding of cytokinin perception, 
signalling and metabolism (Gan and Amasino, 1997). Moreover, there is a general 
opinion that cytokinin does not work alone, but is part of a complex web of signalling, as 
evidenced by the increasing number of research undertaken to study the combined effects 
of cytokinins with signals such as light, environmental stresses, and other phytohormones 
such as gibberellic acid and auxin (Rashotte et al., 2005; Rulcová and Pospíšilová, 2001; 
Thomas et al., 1997).  
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5.2 Effects of ABA 
The process of seed germination refers to a series of events commencing with the 
imbibition of water by the dry seeds, and terminating with the elongation of the 
embryonic axis. The first visible sign that germination is completed is the protrusion of 
radical from the seed (Bewley, 1997). Dormancy, on the other hand, is often simply 
defined as the failure of the seed to germinate under favourable conditions (Bewley, 1997; 
Grappin et al., 2000). The role that ABA plays as a primary mediator of seed dormancy 
(Koornneef et al., 2002) is under constant research and review (Bewley, 1997; Gubler et 
al., 2005; Koornneef et al., 2002; Nambara and Marion-Poll, 2003).  
The breaking of dormancy can be linked to two events: a decrease in ABA levels in 
non-dormant seeds, as well as the de novo synthesis of ABA in dormant seeds. In both 
after-ripened seeds of barley and Arabidopsis, there was a drastic decline in ABA levels 
following imbibition; however, ABA levels varied little in imbibing dormant seeds (Ali-
Richedi et al., 2004; Jacobsen et al., 2002). The decrease in ABA level led to a 
corresponding increase in inactive ABA metabolites, phaseic acid (PA) and 
dihydrophaseic acid (DPA), in barley (Jacobsen et al., 2002), yellow-cedar 
(Chamaecyparis nookatensis) (Schmitz et al., 2002) and Arabidopsis (Kushiro et al., 
2004). The maintenance of dormancy in rehydrated seeds is a result of de novo synthesis 
of ABA (Gubler et al., 2005; Koornneef et al., 2002), and is observed in tobacco seeds 
(Grappin et al., 2000).  
In the present study, imbibition of water by caixin seeds sown in 100 µM ABA and 
10 µM ABA was evident, as the seeds were observed to be swollen. Yet, caixin seeds 
sown in 100 µM ABA remained dormant even on 11 DAS and failed to germinate, while 
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only 2 seeds germinated in 10 µM ABA. In contrast, almost all the caixin seeds sown in 1 
µM ABA and 0.01 µM ABA germinated. The uptake of water in mature seeds is a 
triphasic process (Arteca, 1996; Bewley, 1997), where initial water uptake is very rapid, 
before reaching a plateau, after which it rises quickly again if the embryonic axis 
elongates. Both dormant and non-dormant seeds undergo the first two phases; however, 
as dormant seeds do not germinate, they do not enter into the third phase of water uptake. 
The dose-dependent effect of ABA observed here was also reported by Grappin et al. 
(2000), where an increasing ABA concentration lowered the rate of germination of both 
dormant and non-dormant tobacco seeds 14 DAS.  
Within the first few minutes of imbibition of water, the seeds resume respiration 
(Bewley, 1997), during which degradation of storage reserves, oxygen intake and 
oxidative phosphorylation take place (Wojtyla et al., 2006). Mitochondria are reactivated, 
and the operation of the ETC results in the formation of H2O2 (Palma and Kermode, 
2003), as seen earlier in Section 2.2.3. In cereal grains that are rich in triglycerides, such 
as barley (Jones, 1969), H2O2 are also produced during the oxidation of fatty acids 
(breakdown product of triglyceride) in the glyoxysomes (Beevers, 1969). Various authors 
have also reported a rise in ROS in the seed coats and embryo axis during the 
germination of soy bean (Gidrol et al., 1994; Khan et al., 1996; Simontacchi et al., 1993). 
The occurrence of an oxidative burst in germinating radish seeds was also demonstrated 
by Schopfer et al. (2001), where generation of ROS (such as O2·-, H2O2 and ·OH) was 
first observed in the seed coat and subsequently in the embryo. In addition, Wojtyla et al. 
(2006) reported the generation of free radicals (possibly quinone radicals) in embryonic 
axes immediately after radicle protrusion in germinating pea seeds.  
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While ROS formed during seed germination are sometimes negatively associated 
with lipid peroxidation (Hendry, 1993; Leprince et al., 1995) and programmed cell death 
of barley aleurone cells (Bailey, 2004; Fath et al., 2001, 2002), they may also be a 
positive sign of healthy seedling growth; they may also confer protection against 
pathogens for the young seedling (Schopfer et al., 2001), induce gene expression, and 
mediate cell wall modification for radicle elongation (Gapper and Dolan, 2006). 
Nevertheless, ROS will still lead to an oxidative stress and thus compromise the success 
of germination (Wojtyla et al., 2006). Antioxidants are therefore vital for completion of 
germination (Bailly, 2004). This thus explained the significantly higher antioxidant 
capacities of all caixin seedlings on 3 DAS observed in the present study, when compared 
to older seedlings, as more antioxidants were produced in order to protect the seedlings 
from deleterious effects of ROS. Activities of antioxidative enzymes, including ascorbate 
peroxidase, catalase, dehydroascorbate reductase, glutathione reductase and SOD, were 
detected in the embryonic axes, where free radical production was simultaneously 
observed (Wojtyla et al., 2006).  
It was also observed that, compared to the control, antioxidant capacities of PGR-
grown caixin seedlings were much higher. The stimulatory effect of BA on antioxidant 
defense was already seen above in Section 5.1. Like BA, the application of ABA has 
been shown to stimulate the production of a large variety of antioxidants. For instance, 
exogenous applications of ABA promoted the production of antioxidative enzymes such 
as SOD, catalase, ascorbate peroxidase, and glutathione reductase in leaves of rice 
seedlings (Hung and Kao, 2004). An increased production of these enzymes, as well as a 
rise in levels of ascorbate, α-tocopherol, carotenoid and reduced glutathione, was also 
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induced in maize seedlings by exogenous ABA (Jiang and Zhang, 2001). Furthermore, 
Agarwal et al. (2005) reported higher activities of SOD, catalase and ascorbate 
peroxidase in ABA-treated wheat seedlings.   
However, ABA application also results in the production of ROS and lead to 
oxidative stress in plants, as it has been clearly shown that ABA enhances lipid 
peroxidation in plant cells (Bueno et al., 1998) and H2O2 production in maize seedlings 
(Jiang and Zhang, 2001), rice roots (Lin and Kao, 2001) and rice leaves (Hung and Kao, 
2003). Although Nooden (1988) has described ABA as one of the most effective plant 
hormones in stimulating senescence, the results obtained in the present study showed that 
its effectiveness depended on the concentration used. Compared to the control, caixin 
seedlings grown in 0.01 µM ABA showed a higher level of carotenoids, total 
chlorophylls, chl a and chl b from 7 DAS. A possible explanation was that, at this low 
ABA concentration, ROS production did not increase substantially, and the antioxidant 
system, having been stimulated by ABA, was capable of coping with this rise in ROS 
while simultaneously providing a juvenility effect of the seedlings, thereby retaining the 
level of photosynthetic pigments.  
However, this was not observed in caixin seedlings grown in 1 µM ABA, as the 
levels of photosynthetic pigments during the later stages of growth were almost similar to 
that of the control. The significantly higher values of qN and NPQ and a concomitant 
decrease in ΦPSII, in seedlings grown in 1 µM ABA 9 and 11 DAS, when compared to 
the control, was indicative of a more advanced stage of senescence in the ABA-grown 
seedlings. It was possible that a higher concentration of ABA stimulated ROS production 
significantly, thus overwhelming the antioxidant system, which led to senescence. H2O2, 
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which is produced, is able to easily transverse cellular membranes and enter into 
organelles such as mitochondria and chloroplasts as it is relatively stable and uncharged 
(Møller et al., 2007). H2O2 can potentially inhibit chloroplastic FeSOD and Cu/ZnSOD 
which are vital in the removal of O2·– inevitably produced during photosynthesis 
(Donnelly et al., 1989). It has been shown that Rubisco is susceptible to ROS attack 
which results in its degradation (Mehta et al., 1992), and hence a reduction in 
photosynthetic capacity, as seen in Section 5.1. In addition, ABA applied exogenously to 
rice has been shown to drastically reduce the amounts of Rubisco produced (Rakwal and 
Komatsu, 2004). Furthermore, Acevedo-Hernández et al. (2005) demonstrated that ABA 
could suppress the gene expression of Rubisco. It thus appears that ABA could result in 
Rubisco degradation and inhibit Rubisco transcription, thereby leading to a decline in 
photosynthetic capacity. This hence explained the higher values of qN and NPQ, and a 
reduced value of ΦPSII, in ABA-grown caixin seedlings.  
A similar dose-dependent effect on antioxidants and lipid peroxidation was also 
observed by Bueno et al. (1998) in tobacco cell cultures. Compared to the control, 
ascorbate peroxidase and SOD activities in cell cultures treated with 10 µM ABA were 
1.5 times higher, while in those treated with 100 µM ABA, the activities raised by 3-fold, 
and 2-fold, respectively. The extent of lipid peroxidation was the lowest in the control 
and highest in cultures treated with 100 µM ABA. On the other hand, although ABA 
treatment resulted in higher values of non-photochemical quenching of seedlings of 
barley (Ivanov et al., 1995), French bean, maize, sugar beet (Beta vulgaris) and tobacco 
(Haisel et al., 2006), the corresponding qP values were also higher, when compared to the 
control. Ivanov et al. (1995) suggested that ABA enhanced the photosynthetic capacity of 
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the seedlings, where more PSII reaction centers remained open for photochemical 
quenching. Non-photochemical quenching was also enhanced by exogenous applications 
of ABA, which decrease the need for endogenous ABA synthesis from carotenoid 
precursors (violaxanthin, antheraxanthin, zeaxanthin) (Parry and Horgan, 1991; Rock and 
Zeevaart, 1991), hence increasing the pool size of xanthophyll pigments available for 
non-photochemical quenching, and offering partial protection against photoinhibition 
(Ivanov et al., 1995; Haisel et al., 2006). However, it was likely that ABA in the present 
study did not offer protection, as qP of caixin seedlings grown in 1 µM ABA was not 
higher than the control, and higher qN and NPQ were only observed on 9 DAS   
It was unexpected that, independent of the growth medium, values of qP, qN and 
NPQ were lower, with a corresponding higher ΦPSII, in caixin seedlings on 11 DAS, 
when compared to seedlings on 9 DAS. According to Møller et al., (2007), DNA are not 
attacked by H2O2. It may therefore be possible that on 11 DAS, caixin seedlings had 
already adapted to the presence of excess H2O2, by producing enzymes for ROS-
scavenging and repair of damaged cellular components. The ultrastructure of the 
chloroplasts would have to be examined to verify if indeed a partial recovery of the 
photosynthetic apparatus had occurred, and whether ABA offered partial protection 
against photoinhibition.  
In addition to the above effects, ABA is essential for plant growth and development 
at all stages, and is involved in the transition from embryonic to germinative growth, and 
then from vegetative to reproductive growth (Leung and Giraudat, 1998; Rock, 2000; 
Rohde et al., 2000). The sessile nature of plants implies its constant exposure to 
numerous environmental stresses, such as drought and temperature extremes, which thus 
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warrants the need for an effective response in order to minimize injury and damage, a 
function which is mainly fulfilled by ABA (Finkelstein et al., 2002). ABA signalling is 
thus constantly researched and reviewed (Finkelstein et al., 2002; Gazzarrini and 
McCourt, 2001; Himmelbach et al., 2003) 
Thus far, efforts to elucidate a soluble ABA receptor (Zhang et al., 2001a), and an 
ABA binding site on the plasma membrane (Hallouin et al., 2002; Zhang et al., 2002) 
have proved futile (Himmelbach et al., 2003). ABA signal transduction elements 
identified include Ca2+ (Schroeder et al., 2001), phospholipid-derived compounds such as 
phospholipase C (PLC) (Sanchez and Chua, 2001) and phospholipase D (PLD) (Hallouin 
et al., 2002; Ritchie et al., 2002), as well as ROS like H2O2 and NO (Garcia-Mata and 
Lamattina, 2002; Neill et al., 2002), while G proteins, protein phosphatases and protein 
kinases are known to play the role of ABA response regulators (Fedoroff , 2002). At the 
molecular level, ABA has been shown to regulate the expression of at least 1300 genes, 
and control post-transcriptional events like mRNA maturation and stability of proteins 
and transcripts (Hoth et al., 2002).  
However, despite the identification of several elements involved in the ABA 
signalling cascade, as well as the discovery of five ABA-insensitive genes in Arabidopsis, 
a simple ABA signalling pathway has yet to be defined (Himmelbach et al., 2003), the 
only exception perhaps being the well-studied ABA-induced stomatal closure (Fan et al., 
2004). What further hinders the complete elucidation of the complete network of ABA 
signalling is the existence of much redundancy in ABA perception and signalling and the 
shared signalling elements between ABA and gibberellic acid, cytokinins, auxins, 
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ethylene, light and sugars (Finkelstein and Gibson, 2002; Gazzarrini and McCourt, 2001; 
Rock, 2000).  
Commonalities between ABA and many other signalling networks are also 
suggested when considering the numerous similarities between physiological responses 
evoked by different abiotic stress factors (Vierling and Kimpel, 1992). For instance, 
drought, salinity and cold stress all result in an osmotic stress and the consequent 
accumulation of ABA. ABA was also shown to play a role in heat stress signalling in a 
variety of plant species (Larkindale and Huang, 2004; Larkindale et al., 2005a, 2005b). 
Arabidopsis that were defective in ABA, salicylic acid and ethylene signalling were more 
sensitive to high temperatures (Larkindale and Knight 2002), and it was subsequently 
shown that acquisition of thermotolerance for seedling survival in heat was the weakest 
in the ABA-signalling mutant (Larkindale et al., 2005a).  
 
 
5.3 Effects of Heat Stress 
Temperature stress such as freezing, cold stress and high heat, poses deleterious effects 
on plant cells, as they lead to the uncoupling of major physiological processes (Suzuki 
and Mittler, 2006). A major effect will be the inhibition on photosynthesis brought about 
by heat stress (Salvucci and Crafts-Brandner, 2004; Xu et al., 1995). This was observed 
in the present study: Fv/Fm values of heat-stressed caixin seedlings (control- and ABA-
grown) were lower than that of the non-heat-stressed seedlings, which indicated the onset 
of photoinhibition (Maxwell and Johnson, 2000). Consequently, the ΦPSII of heat-
stressed seedlings was lower too.  
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Havaux (1993) and Rokka et al. (2000), who reported that high temperature 
inhibited PSII activity, suggested that heat stress reduced ETC rate, thereby decreasing 
the rate of RuBP regeneration, which thus led to a decrease in net photosynthesis. 
However, their experiments were conducted under elevated CO2 concentrations, which 
interfered in the conversion of RuBP to phosphoglyceric acid (PGA) by Rubsico, even in 
non-heat-stressed leaves (Crafts-Brandner and Salvucci, 2000). These authors have 
proposed instead that a decrease in the Rubisco activation state was the main cause of 
photoinhibition during moderate heat stress (Salvucci and Crafts-Brandner, 2004).  
In higher plants, each Rubisco molecule contains eight active sites, which seem to 
function independently one from the other (Spreitzer and Salvucci, 2002). The amount of 
catalytically competent sites is referred to as the activation state of Rubsico, which 
responds to changes in environmental factors such as light and CO2 (Feller et al., 1998; 
Kanechi et al., 1996; Perchorowicz et al., 1981; Sage et al., 1988). Factors that decrease 
the activation state of Rubisco include: lost of carbamate (essential for Rubisco activity) 
from the active site, binding of the substrate RuBP to decarbamylated sites or to closed 
sites (“catalytic misfire”), and the binding of inhibitory sugar-P to carbamylated sites 
(Salvucci and Crafts-Brandner, 2004).  
Rubisco activation state is restored to the open configuration by the activity of 
Rubisco activase (Robinson and Portis, 1989), without which Rubisco sites would remain 
inactive, thus severely impairing photosynthesis (Salvucci et al., 1986). At steady state, 
the equilibrium between Rubisco de-activation and re-activation is mediated by Rubisco 
activase. However, this equilibrium shifts towards de-activation as temperature increases 
(Crafts-Brandner and Salvucci, 2000). Rubisco deactivation, in this case, appeared to be 
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mainly due to catalytic misfire than loss of carbamate (Salvucci and Crafts-Brandner, 
2004). Another likely cause is the denaturation of Rubisco activase, which is also one of 
the most heat sensitive stromal enzymes (Feller et al., 1998; Rokka et al., 2000; Salvucci 
et al., 2001). Consequently, a decrease in net photosynthesis is observed (Crafts-
Brandner and Law, 2000; Crafts-Brandner and Salvucci, 2000; Law and Crafts-Brandner, 
1999). In support of this model, a decline in photosynthesis was concomitant to an 
accumulation of RuBP and a depletion of PGA (Kobza and Edwards, 1987; Law and 
Crafts-Brandner, 1999; Weis, 1981).  
The results of the present study appeared to indicate that ABA partially alleviated 
the damaging effects of heat stress on photosynthetic apparatus. Attenuation in Fv/Fm 
and ΦPSII decreases were observed in ABA-grown caixin seedlings, compared to 
control-grown seedlings, when both were subjected to the heat treatment. Similarly, 
decreases in Fv/Fm values of ABA-treated leaves of barley seedlings subjected to 
photoinhibitory treatment (high light and low temperature) were significantly smaller 
compared to the control (Ivanov et al., 1995). Hence, an increased tolerance of ABA-
grown seedlings to heat might have developed, possibly due to the enhancing effect of 
ABA on the antioxidant defense system. In addition, application of heat appeared to have 
opposing effects on NPQ, as NPQ increased in heat-stressed ABA-grown caixin 
seedlings, compared to a decrease observed in control-grown seedlings, and could 
suggest a possible synergistic effect between a higher temperature and ABA in 
stimulating the xanthophyll cycle.  
ABA is important in helping plants adapt to environmental stresses. For instance, 
Gong et al. (1997) demonstrated that ABA alleviated oxidative damage caused by heat 
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and induced tolerance to heat shock in maize seedlings. In addition, ABA that was 
exogenously applied elevated the tolerance of plants to chilling and freezing (Anderson et 
al., 1994; Lång et al., 1994), while a rise in endogenous ABA level was found in plants 
that successfully acclimatized to low temperatures (Chen et al., 1983; Machackova et al., 
1989; Vernieri et al., 1991). As stated in Section 2.1.5, interactions among ROS, ABA 
and other plant growth regulators like ethylene and salicylic acid during heat stress await 
elucidation (Suzuki and Mittler, 2006). The protective role that ABA plays in heat shock 
response is under debate, as ABA has been shown to exacerbate injury sustained during 
heat stress (Xu et al., 1995), and that the inhibition of ABA biosynthesis did not affect 
the acquisition of heat tolerance in pea leaves (Liu et al., 2006a). It has often been 
proposed that the upregulation of antioxidants due to increased cellular ABA levels 
brought about by an imposition of stress aids in conferring stress tolerance (Sakamoto et 
al., 1995). This was observed by Jiang and Zhang (2002), who showed that the level of 
both enzymatic and non-enzymatic antioxidants in maize seedlings pre-treated with ABA 
drastically increased upon exposure to moderate water stress. Unfortunately, the effects 
of phytohormones on photosynthesis are still very much unknown (Tholen et al., 2007), 
hence it is uncertain how exactly ABA might affect photosynthetic apparatus in stressful 
events.  
In the present study using caixin seedlings, only chlorophyll fluorescence, but not 
other biochemical parameters (concentrations of total chl, carotenoids, chl a, chl b, ratio 
of total chl:carotenoids, ratio of chl a:b, soluble phenolics and antioxidant capacity), was 
significantly affected by the application of a heat stress. This suggested that stress effects 
were likely to be localized to the chloroplasts. It has already been shown that different 
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stress factors affect different cellular components. For instance, the site of action of most 
pathogens and ozone is in the extracellular space, while herbicides, sulphur dioxide and 
high light act in the chloroplasts (Alscher et al., 1997). The differential expression of 
SOD isoforms could provide an indication of how various organelles were affected by 
different stress treatments. Mitochondrion- or chloroplast-localized oxidative stress could 
be determined by examining changes in MnSOD or FeSOD, respectively (Tsang et al., 
1991). Additionally, the organelles could also be easily extracted and the extent of 
oxidative damage could be determined, thus revealing the exact sites of action of heat 
stress. Furthermore, since advances in analytical techniques have enabled the accurate 
measurement of cellular levels of ROS, the generation of ROS in the organelles can also 
be evaluated (Shulaev and Oliver, 2006).  
According to Suzuki and Mittler (2006), extremes of temperature also result in 
ROS production. Cold stress results in membrane rigidity, whereas heat stress can greatly 
enhance membrane fluidity (Sangwan et al., 2002). This hence accounts for the increased 
heat susceptibility of membrane-bound processes, such as ETC operation during 
photosynthesis and respiration, compared to reactions taking place in mitochondrial 
matrix and chloroplast stroma which are catalyzed by soluble enzymes (Suzuki and 
Mittler, 2006). Therefore, at high temperatures, membrane-bound processes are often 
uncoupled from the latter pathways, thereby resulting in the use of oxygen as alternative 
acceptors for high energy electrons derived from the ETC (Asada and Takahashi, 1987; 
Mittler, 2002).  
ROS that are consequently formed from a heat stress are known to injure proteins 
and cell membranes (Larkindale and Knight, 2002; O’Kane et al., 1996), resulting in 
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lipid peroxidation and disruption to mitochondrial functioning (Davidson and Schiestl, 
2001; Larkindale and Knight, 2002; Vacca et al., 2004). Moreover, it has been 
demonstrated that heat stress affects the transcriptional level of antioxidative enzymes 
(Rainwater et al., 1996; Rizhsky et al., 2002). For example, gene expression of ascorbate 
peroxidase was found to be elevated during heat stress (Sato et al., 2001; Vacca et al., 
2004). Amounts of the reduced form of glutathione (an antioxidant) were also higher 
when plants were subjected to high temperatures (Alscher, 1989). In contrast, the activity 
of catalase was shown to decline during heat stress (Dat et al., 2000a; Jiang and Huang, 
2001; Larkindale and Huang, 2004).  
Although the total SOD activity level of caixin seedlings was not quantified in the 
present study, it was evident that all the three SOD isoforms retained a certain degree of 
activity in the presence of heat treatment and ABA. Electrophoretic staining of SOD 
isoforms were also used very recently by Agarwal et al. (2005) and Wojtyla et al. (2006) 
for the characterization of SOD in wheat and pea seedlings, respectively. Increases in 
SOD activities in response to heat stress were also reported in creeping bentgrass 
(Agrostis stolonifera) (Larkindale and Huang, 2004). Heat stress also stimulated the 
antioxidative systems in mustard seedlings (Dat et al., 1998), tobacco (Dat et al., 2000a) 
and potato (Lopez-Delgado et al., 1998).  
In the present study, the level of expression of SOD isoforms in caixin seedlings, 
on the other hand, was regulated by both heat and ABA (Fig. 4.18). Heat shock was also 
shown to induce SOD expression in tobacco, as it was found that the promoter region of 
SOD contained heat shock elements (Hérouart et al., 1994; Tsang et al., 1991). Similar 
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elements were also identified in the promoter regions of genes encoding for SOD in rice 
(Sakamoto et al., 1995).  
SOD expression can also be regulated by plant growth regulators. Sakamoto et al. 
(1995) demonstrated that ABA was directly involved in the activation of SodCC 
transcription in rice protoplasts, which was proposed to encode for Cu/ZnSOD. 
Exogenous ABA application to tobacco cell cultures doubled the transcript levels of 
MnSOD, reduced mRNA levels of cytosolic Cu/ZnSOD, and did not affect transcription 
of FeSOD and plastidic Cu/ZnSOD (Bueno et al., 1998). Expression of MnSOD genes in 
maize was also enhanced by ABA (Zhu and Scandalios, 1994). Other plant growth 
regulators like salicylic acid and ethylene are able to promote SOD expression. For 
example, salicylic acid and ethylene enhanced the expression of MnSOD in tobacco 
(Bowler et al., 1989) and rubber trees (Hevea brasiliensis) (Miao and Gaynor, 1993), 
while tomato SodCc transcripts accumulated in the presence of ethylene (Perl-Treves and 
Galun, 1991).  
Thus, it was highly possible that in the present study, ABA increased transcripts of 
Cu/ZnSOD in caixin seedlings, when compared to the control. Alscher et al. (1997) had 
proposed that the overexpression of one isoform might result in the decreased expression 
of another, as demonstrated by Van Camp et al. (1996), where although both FeSOD and 
Cu/ZnSOD were expressed in untransformed tobacco plants, transgenic plants that over-
expressed FeSOD failed to express Cu/ZnSOD when exposed to salt stress. A similar 
coordinated expression among the various SOD isoforms (Alscher et al., 1997) might 
have possibly occurred here as well, as evidenced by the higher transcript levels of 
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MnSOD and Cu/ZnSOD, and the absence of FeSOD transcript in ABA-grown caixin 
seedlings.  
In addition, the regulation of SOD expression in plants may also be under redox 
control, as it was shown that SOD expression in tobacco was strongly induced by 
sulphydryl antioxidants including reduced glutathione, dithiothreitol and cysteine, but not 
by oxidized forms of glutathione and cysteine (Hérouart et al., 1993, 1994). As the 
production of reduced glutathione was strongly enhanced during heat stress (Alscher, 
1989), Inzé and Van Montagu (1995) therefore suggested that reduced glutathione could 
activate SOD production and could also act directly as an antioxidant.  
Heat shock transcription factors (HSFs) have been implicated in ROS detection and 
promotion of genes encoding antioxidative enzymes (Suzuki and Mittler, 2006) HSFs, 
bind to heat shock elements, which are palindromic motifs of nGAAn and highly 
conserved in the promoters of target genes (Miller and Mittler, 2006), and are considered 
to be central in the conserved heat stress response (HSR) in plants. They control the 
production of heat shock proteins (HSPs), the initial identification of which was 
associated with its enhanced production during heat stress (Kotak et al., 2007; Wang et 
al., 2004). It is, however, recognized now that HSPs act as chaperones in controlling the 
quality of proteins. They assist in the folding, assembly, translocation and breakdown of 
the proteins under optimal conditions, and the stabilization of proteins and membranes 
during adverse conditions. Therefore, HSPs are vital under both normal and stress 
conditions, and are especially important in re-establishing cellular homeostasis during 
stressful events (Wang et al., 2004).  
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Five families of HSPs have been identified thus far, and include the small HSPs 
(sHSPs), HSP60, HSP70, HSP90 and HSP100. As many of these HSPs are essential for 
normal growth and development, it was not unusual to observe that HSP90 was expressed 
even in non-heat-stressed caixin seedlings (both control- and ABA-grown). In fact, 
HSP90 was reported to be constantly expressed during the development of the seed and 
germination of B. napus, thus implying the necessity of hsp90 protein during these two 
growth stages. mRNA levels of HSP90 in B. napus seedlings also increased when they 
were subjected to a heat shock treatment of 40 ºC for a period of 2 hours (Reddy et al., 
1998).  
Since one of the many substrates of HSP90 is signalling kinase (Young et al., 2001), 
which is also an ABA response regulator (as mentioned in Section 5.2), it could possibly 
explain why HSP90 expression was slightly higher in non-heat-stressed ABA-grown 
caixin seedlings. HSP90 expression has been shown to be increased by phytohormones 
and heat in Arabidopsis, in addition to other factors including cold, salt stress, heavy 




5.4 Future Studies 
Although the effects of BA and ABA on chloroplast ultrastructure of caixin seedlings 
were not examined in the present study, several authors had reported on the protective 
function of these two phytohormones on chloroplasts. Chloroplasts are usually the first 
organelles to be damaged during senescence and stress. Other than chlorophyll 
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breakdown, the following are also observed: the dissociation of grana, the increase in 
number and size of plastoglobuli, and disruption of the chloroplast envelope (Biswal et 
al., 2003; Zavaleta-Mancera et al., 1999a). In addition, the breakdown of photosynthetic 
apparatus is irregular (Humbeck et al., 1996). The loss of the cytochrome b6f complex 
results in the declined functioning of ETC, with a subsequent drop in activities of the 
photosystems and ATP synthase (Gepstein, 1988). Cytokinins have been shown to 
protect the chloroplasts from such senescence-related damages. For example, chloroplasts 
of wheat leaves treated with BA showed well-organized grana, thylakoids and small 
plastoglobuli, a stark contrast to its control, where the internal membranes were 
disorganized, and the plastoglobuli accumulated and were larger (Vlčková et al., 2006; 
Zavaleta-Mancera et al., 2007). Haisel et al. (2006) further reported that the application 
of ABA to sugar beet, French bean and tobacco resulted in a better preservation of 
ultrastructure compared to BA application when these plants were subjected to a 
moderate water stress. Similarly, the protective effects that BA and ABA might confer 
onto caixin seedlings can be verified by a careful examination of the chloroplast 
ultrastructure of PGR-treated seedlings.  
In the present study, the ability of the caixin seedlings to scavenge the synthetic 
radical DPPH· (Blois, 1958) was used as an indication of its antioxidant capacity. 
Sánchez-Moreno (2002) stated that the key advantage of this assay was the high 
DPPH· stability, and is thus an easy and accurate method, ideal for the evaluation of 
antioxidant capacity of extracts of vegetables and fruits. Prior et al. (2005) have also 
attributed its prevalent application to it being a speedy method that does not require 
complicated instrumentation. However, there are several disadvantages associated with 
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this method. Firstly, although DPPH· is a free radical to be scavenged by antioxidants, it 
is sometimes able to react with alkyl radicals (Frankel and Meyer, 2000); the assay is thus 
non-competitive (Prior et al., 2005). Secondly, the assay does not exhibit linear kinetics 
(Brand-Williams et al., 1995; Sánchez-Moreno et al., 1998). Thirdly, DPPH·, being a 
long-lived nitrogen radical (Huang et al., 2005), with bulky side chains (Schwarz et al., 
2001), does not occur naturally (Becker et al., 2004) and its nature is thus completely 
dissimilar to the short-lived and small ROS molecules that are inherent in biological 
systems, or the peroxyl radicals involved in lipid peroxidation (Huang et al., 2005) in 
foods and biological systems. Moreover, the demonstration that DPPH· reacts reversibly 
with phenolic compounds (an antioxidant) possessing similar structures to eugenol 
(Bondet et al., 1997) greatly undermines its validity as an antiradical assay (Huang et al., 
2005).  
Therefore, other methods have to be employed in combination with the 
DPPH· assay for a more complete assessment of the antioxidant capacity of caixin 
seedlings. Amongst the many methods available, the total phenols assay using Folin-
Ciocalteu reagent and the ORAC assay, to measure the reducing capacity and the peroxyl 
radical scavenging capacity, respectively, of the samples (Huang et al., 2005; Prior et al., 
2005) were highly recommended assays for the determination of antioxidant capacity. 
Nevertheless, these authors have also stated that in addition to these two methods, more 
assays are to be conducted so as to take into account the diverse chemical nature of the 
antioxidants, both in foods and in biological systems. Indeed, many other authors also 
recognized that no single assay will ever adequately measure a sample’s total antioxidant 
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capacity, and that only a variety of tests will provide a full picture of its antioxidant 
profile (Frankel and Meyer, 2000; Niki and Nogucho, 2000; Prior and Cao, 1999).  
In recent years, consumer concerns about the possible carcinogenic and mutagenic 
properties of synthetic antioxidants, such as butylated hydroxyanisole (BHA) and 
butylated hydroxytoluene (BHT) (Branen, 1975; Ito et al., 1983),  in foods have 
increased considerably, thus fuelling a demand for natural antioxidants (Lölier, 1991). 
Phenolic compounds, which occur naturally in many fruits and vegetables, are able to act 
as an antioxidant in numerous ways, because of their ability to chelate metals, quench 
singlet oxygen and act as hydrogen donors and reducing agents (Rice-Evans et al., 1995). 
Therefore, extensive screening of many plants and their parts for their phenolic contents 
and antioxidative capacity has been carried out (Bocco et al., 1998; Kähkönen et al., 
1999; Netzel et al., 2007; Velioglu et al., 1998). According to Netzel et al. (2007), ethical 
foods present a novel source of food ingredients and antioxidants. Furthermore, 
successful industrial applications of these local foods will also contribute greatly to a 
country’s sustainable agriculture. Therefore, in light of these two reasons, it is highly 
useful to identify and quantify individual phenolic compounds of caixin seedlings. 
However, Frankel and Meyer (2000) also pointed out that, depending on test conditions, 
phenolic compounds might also exhibit pro-oxidant activities instead of antioxidant 
activities, thus highlighting the need for judicious testing in order to find an appropriate 
application for phenolic extracts of caixin seedlings. 
A better understanding of antioxidative capacity of caixin seedlings could also be 
obtained by studying the changes in transcript and activity levels of other enzymatic 
antioxidants such as catalase and ascorbate peroxidase, in addition to SOD. Although a 
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high abundance of catalase was reported in seeds and young seedlings (Willekens et al., 
1995), its expression and activity level were found to be lowered during heat shock (Dat 
et al. 1998b, 2000; Jiang and Huang, 2001; Larkindale and Huang, 2004; Lopez-Delgado 
et al., 1998). Thus, transcriptional and activity changes in catalase during growth and 
heat stress of caixin seedlings might be further investigated.  
 
 
5.5 Potential Applications 
The process of germination has extended implications for the food industry, as it has 
often been viewed as a simple and economical preparation technique (Zieliński et al., 
2006) employed to increase the nutritional value and bioavailability of seeds (Urbano et 
al., 2005). The improved nutritive value and decreased content of antinutritional 
compounds in germinated seedlings over ungerminated seeds of legume seeds (Honke et 
al., 1998) and pea (Urbano et al., 2005) have been demonstrated. In addition, Zieliński et 
al. (2006) showed that the antioxidant capacity and SOD-like activity of young rapeseed 
sprouts were higher than the seeds. Moreover, an optimal period of germination and light 
conditions were found to improve protein bioavailability in peas to rats, and could 
therefore be a potential source of flours with increased functional value (Urbano et al., 
2005).  
Similarly, three-day-old caixin seedlings, having higher chlorophyll and carotenoid 
levels and antioxidant capacity, could potentially be marketed as novel foods. Although 
the results of this study showed that PGRs such as BA and ABA might improve the 
antioxidative capacity and thus the nutritive value of caixin seedlings, extensive research 
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about the possible side-effects of their consumption has to be conducted, in light of a 
recent research that demonstrated that intakes of ABA and gibberellic acid created an 
oxidative stress and increased lipid peroxidation in rats (Celik et al., 2007).  
The process of a short period of heat treatment, known as heat acclimation, has 
been shown to induce tolerance to temperature stresses. For instance, a brief period of 
heat treatment has been shown to improve thermotolerance in different plant species 
when they are subsequently exposed to a second heat stress (Burke et al., 2000; Hong and 
Vierling, 2000; Kapoor et al., 1990; Larkindale et al., 2005b). In addition, a high 
temperature treatment has been shown to enhance chilling tolerance of plant tissues that 
are usually sensitive to low temperatures, due to the production of heat shock proteins 
(Lurie et al., 1997; Sanchez-Ballesta et al., 2003). For example, a high level of a sHSP 
Lehsp 23.8 in tomatoes was found to be positively correlated to the increased cold-
storage life of tomatoes (Sabehat et al., 1996). Since a short heat treatment (45 ºC, 15 
minutes) has been shown to result in the production of HSPs in caixin seedlings, this can 
be used to improve the thermotolerance of the caixin seedlings. Alternatively, the heat 
treatment might possibly extend the storage life of caixin seedlings in order to maintain 
its quality until they reach the consumers.  
Shyamala et al. (2005) also found that when extracts of cabbage, coriander leaves 
(Coriandrum sativum), hongone (Alternanthera sessilis), and spinach (Spinacia oleracea), 
were added to vegetable oils, they effectively inhibited lipid peroxidation in these oils 
that were heated to frying temperatures (175 ºC) and stored for 4 weeks in the dark. This 
might also suggest a possible use of caixin seedlings to maintain the quality of heated 




Dose-dependent effects of BA and ABA on caixin seedlings were observed. BA-
grown seedlings appeared and remained more succulent and greener than those grown in 
ABA. The application of BA maintained the juvenility of the seedlings and augmented 
the antioxidant capacity of caixin seedlings, and could thus be more appealing to 
consumers. On the other hand, the application of ABA imposed an oxidative stress on the 
seedlings, while simultaneously enhancing their antioxidative defenses, such as 
stimulating the level of expression and activity of the three SOD isoforms. DDC was also 
successfully applied as an inhibitor against Cu/ZnSOD. Furthermore, ABA appeared to 
be able to confer partial protection against heat stress.  
The effects of PGR applications on antioxidative capacity of caixin seedlings can 
be further evaluated by the use of assays like ORAC. Although chlorophyll fluorescence 
provided useful indications of the level of functioning of the photosynthetic apparatus, a 
study of the ultrastructure of the chloroplasts can further furnish more details about PGR 
effects.  
The results of this study also indicated the potential use of caixin seedlings as a 
novel food source, and its tolerance to temperature stresses might be improved due to 
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